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S U M M A R Y

This dissertation employed di�erent interdisciplinary methods and approa-
ches in order to study energetic compartmentation of cardiomyocytes and

the role of adenosine diphosphate (ADP) in protection against mitochondrial per-
meability transition pore (mPTP) opening.

New insights into aspects of intracellular ADP di�usion restrictions in cardiac
myocytes are gained by using rainbow trout and guanidinoacetate methyltrans-
ferase de�cient (GAMT-/-) mice as animal models. Although this work revealed
the existence of di�usion restrictions in trout cardiomyocytes, the modeling re-
sults suggest di�erent metabolic compartmentation and regulation compared to
mammalian cardiomyocytes. Results show that trout cardiac cells lack the coup-
ling between a fraction of adenosine triphosphatases (ATPases) and endogenous
pyruvate kinase (PK) that was found in rat. The coupling of hexokinase (HK) to
mitochondrial respiration in trout cardiomyocytes suggests that they have diffe-
rent metabolic regulation compared to mammalian cardiomyocytes. In addition,
no coupling of creatine kinase (CK) to respiration is found. Based on the results,
another explanation of di�usional restriction at the mitochondrial outer mem-
brane (MOM) level may be proposed. This thesis considers the view that in part
it might be not due to the MOM itself, but due to the close proximity and interac-
tions between the sarcoplasmic reticulum (SR) and mitochondria. This hypothesis
also may explain why mice with a disabled CK-system show near-normal func-
tion and no structural changes in energetic compartmentalization as well as mi-
tochondrial organization. In vivo, the mitochondria-SR coupling creates the struc-
tural key basis for the optimal regulation of mitochondrial respiration, excitation-
contraction coupling (ECC), Ca2+ and reactive oxygen species (ROS) signaling, thus
avoiding the danger of mitochondrial Ca2+-overload and irreversible opening of
the mPTP.

This dissertation also demonstrates that ADP is a potent inhibitor of mPTP in
severely stressed mitochondria and that this mechanism is not related to its e�ect
on ROS production. The results imply that ADP may regulate mPTP via some other
mechanism, in addition to its regulation via adenine nucleotide translocase (ANT)
and reduction in ROS production. This work also discusses the physiological im-
plications of ADP di�usional barriers considering the role of ADP in mPTP regula-
tion.

vi



K O K K U V Õ T E

Käesoleva väitekirja eesmärk on ADP difusioonitakistuste analüüs südame-
lihasrakkudes ning ADP rolli uurimine mitokondriaalse suure läbitavusega

poori (mPTP) avanemise eest kaitsmisel patofüsioloogilistes tingimustes. Raken-
dades erinevaid interdistsiplinaarseid meetodeid ning lähenemisi saadakse uusi
teadmisi rakusisese energeetilise kompartmentatsiooni valdkonnas kasutades vi-
kerforelli ja GAMT-puudulikkusega hiiri.

Üheltpoolt katsetulemused näitavad rakusiseste difusioonitakistuste olemasolu
vikerforelli südamelihasrakkudes, siis modelleerimistulemused vihjavad erineva
metaboolse kompartmentatsiooni ja regulatsiooni olemasolule võrreldes imeta-
jate südamelihasrakkudega. Analüüsides tulemusi matemaatilise mudeli kaasabil
näidati, et forelli südamelihasrakkudes puudub funktsionaalne sidestus endogeen-
se püruvaatkinaasi (PK) ja teatava osa rakusiseste ATPaaside vahel, seevastu, on sel-
line seos leitud rotti südamelihasrakkudes. Funktsionaalne sidestus heksokinaasi
(HK) ja mitokondriaalse hingamise vahel vihjab erineva metaboolse regulatsiooni
olemasolule võrreldes imetajate südamelihasrakkudega. Lisaks leiti, et vikerforelli
südamelihasrakkudes puudub funktsionaalne sidestus kreatiinkinaasi (CK) ja mi-
tokondriaalse hingamise vahel. Saadud tulemuste põhjal võib esitada alternatiivse
selgituse difusioonitakustustele mitokondriaalse välise membraani (MOM) tasemel.
Antud töö esitab arvamuse, et osaliselt difusioonitakustused võivad mitte olla
tingitud MOMist, vaid hoopis sarkoplasmaatilise retikulumi (SR) ja mitokondrite
lähestikku paiknemisest ja koostoimest. Selline hüpotees võib seletada, miks ei
erine energeetiline kompartmentatsioon ja mitokondriaalne organisatsioon met-
siktüüpi ning GAMT-puudulikkusega hiirte vahel, kellel funktsionaalne CK-süsteem
puudub. In vivo, mitokonder-SR seostus loob struktuurse aluse elektromehaanilise
sidestuse (ECC), mitokondriaalse hingamise, Ca2+ ning reaktiivsete hapniku radi-
kaalide (ROS) signaalkaskaadi optimaalse reguleerimise jaoks, seega vältides Ca2+-
ülekoormust mitokondris ja pöördumatut mPTP avanemist.

Lisaks rakusisese ADP kompartmentatsiooni uurimisele on antud töö raames
uuritud ADP rolli mPTP avanemise eest kaitsmisel patofüsioloogilistes tingimustes.
Saadud tulemused näitavad, et ADP inhibeerib mPTPt ka tõsiselt kahjustatud mi-
tokondrites, ning et see efekt ei ole tõenäoliselt seotud tema võimaliku mõjuga
ROS tootmisele. Selline tulemus demonstreerib, et ADP võib reguleerida mPTPt mõne
muu mehhanismi kaudu, kui regulatsioon läbi ANT ning ROS tootmise vähendami-
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se kaudu. Doktoritöö samuti arutab ADP difusioonibarjääride füsioloogilist mõju
arvestades ADP rolli mPTP reguleerimisel.
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1
I N T R O D U C T I O N

Understanding the mechanisms that regulate the mitochondrial function and
energy transfer in normal and pathological cardiac cells is important for the

research in the �eld of cardiac bioenergetics as well as for the diagnosis of many
heart diseases. The correct analysis of this regulation has direct implications for
the determination of pathophysiological mechanisms and adaptive strategies for
a variety of disorders in cardiac muscle.

Heart muscle as a high-energy demanding organ has developed an exceptional
capacity for energy production, featuring the highest density of mitochondria
per cell among all the other organs. Indeed, approximately 30% of the cardiomyo-
cyte volume is occupied by mitochondria [1], in which oxidative phosphorylation
occurs, producing more than 90% adenosine triphosphate (ATP) necessary for nor-
mal cardiac function [2]. Cardiac function depends on a well balanced and highly
e�cient matching of energy supply and demand. A normal heart is able to ba-
lance the rate of ATP production with the rate of utilization while maintaining
stable cellular pools of ATP, ADP, phosphocreatine (PCr) and other energy meta-
bolites despite the �uctuations in cellular energy demand and workload [3–5].
The mechanisms ensuring su�cient production of ATP in mitochondria, e�cient
transport of ATP to muscle ATPases of the contractile system, as well as rapid re-
moval of ADP generated in these reactions remain controversial. The most impor-
tant factors suggested to serve as key regulators of mitochondrial metabolism are
ADP, phosphate ion (Pi) and Ca2+ (Fig. 1).

ADP and Pi have been suggested as the natural regulatory mechanisms of mito-
chondrial energy metabolism since they coordinate with both ATP consumption
and production via feedback of ADP and Pi from ATPases. As such, ATP utilization
in cytosol increases ADP and Pi �uxes to mitochondria via CK-system [6, 7] and
consequently the availability of substrates for ATP generation increases. ADP and
Pi enter the mitochondria via ANT and mitochondrial phosphate carrier (mPiC), re-
spectively, and stimulate ATP-production by F1F0-ATPase (Fig. 1). It has been found
that ADP acts not only as a substrate for F1F0-ATPase, but also activates the pyru-
vate dehydrogenase complex [8] and isocitrate dehydrogenase [9]. Pi has been
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proposed to play an important role at low and moderate workloads [10]. It ac-
tivates mitochondrial reduced nicotinamide adenine dinucleotide (NADH) gene-
ration, the �ux of reducing equivalents in the cytochrome chain, and serves as a
substrate for ATP production [11, 12].

To understand the nature of regulation by feedback, it is necessary to take into
consideration energetic compartmentalization in cardiomyocytes. It is interest-
ing that in oxidative muscles, which rely on oxidative metabolism to generate
ATP, seems to be barriers that restrict ADP di�usion signi�cantly [13, 14]. These
local restrictions have been suggested to be overcome by the CK-system acting as
a temporal and spatial bu�er between sites of energy generation and utilization.
Such structural and functional compartmentation is considered to play an essen-
tial role in the regulation of heart energy metabolism ensuring optimal metabolic
signaling and feedback and in such way avoiding deprivation of cardiac energy
during sudden changes in energetic requirements of the heart. These subcellu-
lar compartments and their speci�c localization are the objects of active studies.
The identi�cation of di�usion restricting structures is clinically relevant, since
compromised energetic balance induced by ischemia-reperfusion (IR) injury is as-
sociated with reduced di�usion restriction [15–18].

Another potential regulator of mitochondrial metabolism is Ca2+. In cardiomyo-
cytes, Ca2+ mediates ECC and in parallel stimulates Krebs cycle by activating mi-
tochondrial matrix Ca2+-dependent dehydrogenases to maintain the NADH redox
potential and the ATP synthetic capacity of the F1F0-ATPase [19–23]. This coup-
ling is achieved by mitochondria being located adjacent to SR and the close proxi-
mity of Ca2+ release units [24]. As a result, the balance between energy demand
and supply is maintained during high workloads by correlation between cytoso-
lic and mitochondrial Ca2+ via regulation of Ca2+ in�ux and e�ux mechanisms
across the mitochondrial inner membrane (MIM) [25, 26]. In this way, ADP and
Ca2+ regulate the rate of ATP hydrolysis in a complementary way as a feedback
and feed-forward signaling molecules, thus providing an adequate mitochondrial
response to increased cellular energy demand (Fig. 1).

Ca2+ and ADP are also two major regulators of the mPTP, a key mechanism for
cell death through both apoptosis and necrosis [27]. In the regulation of mPTP
opening, Ca2+ and ADP have opposite e�ects. Mitochondrial Ca2+-overload ac-
companied by excessive production of ROS leads to irreversible opening of mPTP,
which is a major cause of cell death. ADP is a well known mPTP inhibitor, since it
serves as a substrate for ATP generation and its binding to ANT shifts the latter to
“m” (matrix) conformation, which favors the closure of mPTP [28, 29], (see Fig. 1).

Speci�cally, this dissertation is focused on ADP - its regulation of mitochon-
drial energy production and protection from mPTP under pathophysiological con-
ditions. The thesis consists of �ve chapters and four publications. Chapters 2, 3
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and 4 give a short theoretical background to a speci�c research �eld, provide dis-
cussions and outline the main results achieved during my doctoral studies. The
�rst subject explored in this work concerns the study on rainbow trout cardiac
muscle energetics, which addresses important questions regarding the ADP com-
partmentation and metabolic regulation. This work is summarized in Publication
I and Publication II. The second topic is related to the study of mitochondrial or-
ganization and energy transfer in cardiomyocytes of GAMT-/- mice, lacking func-
tional CK-system. Chapter 3 provides an introduction to the role of CK-system
in the heart and the overview of the outcomes and discussion of Publication III.
The third study was done in collaboration with prof. Shey-Shing Sheu at the Uni-
versity of Rochester Medical Center. Chapter 4 presents a summary of the main
results of Publication IV and discusses the protective e�ects of ADP from mPTP
opening in cardiac mitochondria under severe oxidative stress. Chapter 5 sum-
marizes the main conclusions.
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Figure 1 – Schematic presentation of mitochondrial energetics regulation and
excitation-contraction coupling. Mitochondrial energetics are regulated by ADP/Pi feed-
back and parallel Ca2+ activation in order for ATP generation to match ATP consumption.
ADP and Pi feedback from ATPases via creatine kinase (CK) system stimulates ATP produc-
tion by F1F0-ATPase. It combines Pi and ADP to form ATP, which is then exchanged for
ADP across the inner mitochondrial membrane (MIM) by the adenine nucleotide translocase
(ANT). The F1F0-ATPase reaction is driven by a proton gradient maintained mainly by the
respiratory chain (shown as complexes I–IV). The voltage-dependent anion channel (VDAC)
is involved in transport of anions, cations, Ca2+, ATP, ADP and other metabolites across the
outer mitochondrial membrane (MOM). Pi is transported across the MIM into the mitochon-
drial matrix by the mitochondrial phosphate carrier (PiC). The energy contained within ATP
is then transferred to the cytoplasmic phosphocreatine (PCr) pool through the actions of a
mitochondrial creatine kinase (mtCK). PCr is converted back to creatine (Cr) by cytosolic CK.
The freed energy is used for ATP formation and driving the peripheral ATPases. Solid blue
lines indicate the direct ATP transfer from the mitochondria to the sites of utilization inde-
pendent of the CK-system. As ATP di�usion is limited, the direct transfer of ATP from the
mitochondria to a site of utilization requires close localization between the mitochondria and
the peripheral ATPases. Solid red and green lines indicate movement of Ca2+ and dotted red
and green lines indicate cytosolic Ca2+ �ux during contraction and relaxation, respectively.
During the action potential, Ca2+ is transported across the myocyte membrane (sarcolemma
or T-tubules) via L-type Ca2+ channels (LTCC) and to a lesser extent via the Na+/Ca2+ ex-
changer (NCX), thereby releasing a larger pool of Ca2+ through cardiac ryanodine receptor
(RyR) from the sarcoplasmic reticulum (SR). This Ca2+ activates contraction of the myo�la-
ments. During relaxation, Ca2+ is taken up back into the SR by SR Ca2+ ATPase (SERCA)
and is pumped out of the cells by NCX. Mitochondrial Ca2+ uniporter (MCU) and plasma
membrane Ca2+ ATPase (PMCA) only contribute by 1% to 2% to fast Ca2+ extrusion [30, 31].
In parallel Ca2+ activates the tricarboxylic acid (TCA) cycle Ca2+-dependent dehydrogenases
and the F1F0-ATPase. Ca2+ and ADP are also key regulators of mitochondrial permeability
transition pore (mPTP) opening, among other things via their regulation of reactive oxygen
species (ROS) production. In the regulation of mPTP opening Ca2+ and ADP function oppo-
sitely. Thus Ca2+ and ADP signals must balance to adjust metabolism and avoid opening of
the mPTP.
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2
I N T R A C E L L U L A R C O M PA R T M E N TAT I O N O F
C A R D I O M YO C Y T E S

Cardiomyocytes represent a unique and complex architecture. Experimental
and model studies suggest that cardiomyocytes are compartmentalized by

intracellular di�usion barriers that restrict di�usion of ADP in cytosol and at the
level of the MOM. However, the structural and molecular nature of these barriers
as well as the exact localization remain uncertain and are the subjects of active
research.

Presumably, there may be di�erent levels of energetic compartments. The smal-
lest compartments are represented by coupled enzymes. It is recognized that the
coordination between ATP utilization and generation processes can be achieved
through a coupled enzymatic network. Examples of functional enzymatic coup-
ling are the coupling of CK-isoenzymes to the energy consuming sites in cytosol
such as actomyosin ATPases [14, 32], sarco-endoplasmic reticulum Ca2+ ATPase
(SERCA) [33, 34], Na+/K+ATPases [35] and the energy producing sites (mitochon-
dria, glycolysis). In addition to CK, the concerted action of mitochondrial and
cytosolic isoforms of adenylate kinase (AK) [36, 37] or glycolytic enzymes such
as PK, glyceraldehyde-3-phosphate dehydrogenase (GAPDH)/3-phosphoglycerate
kinase (PGK) or HK [36, 38] also contribute to intracellular phosphotransfer and
spatial distribution.

Candidates for the next size level compartments are the membrane-delimited
organelles, such as mitochondria and SR (see Fig. 2). Several decades of research
on regulation of mitochondrial respiration in rat cardiac cells using permeabi-
lized cell technique [42, 43] have demonstrated that the apparent ADP a�nity of
mitochondrial respiration for exogenous ADP is much lower in permeabilized car-
diomyocytes compared to isolated mitochondria [13, 44–50]. Detailed analysis of
the data has indicated a signi�cant di�usion restriction for ADP at the MOM level,
permeability of which has been assumed to be regulated by tubulin binding to
voltage gated anion channel (VDAC) [51, 52] and might be partially overcome by
CK [32, 47]. Besides, the close localization and interactions between SR and mi-
tochondria are essential for the signal transduction, dynamics, regulation of ECC
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intracellular compartmentation of cardiomyocytes

Figure 2 – Schematic organization of di�usional barriers in cardiomyocytes. The
scheme is scaled according to [39, 40] and show mitochondria, t-tubules and sarcoplasmic
reticulum around a sarcomere. The di�usional barriers (pink lines) are scaled according to
[41] and superimposed. In transversal direction, di�usion barriers are formed by mitochon-
drial and SR membranes, while longitudinal barriers are constituted by protein-dense regions
in the myo�laments (z-lines, m-bands) and possibly in part by the junctional SR and t-tubules.
The barriers are in agreement with the cell structures, and seem to separate mitochondria and
myosin ATPases.

and oxidative energy production in the mitochondria. Moreover, it ensures the
energetic coupling between SERCA and mitochondria [53]. It has been suggested
that SR and associated cytoskeleton proteins may also act as a di�usion barrier
leading to functional coupling of ATPases and mitochondria [54] (see Fig. 2). This
assumption gives an alternative explanation of di�usional restriction at the level
of MOM. In addition to SR and mitochondria, t-tubules also have been suggested
to contribute to di�usion restrictions.

The largest compartments are represented by intracellular energetic units (ICEUs),
in which t-tubules, mitochondria and adjacent ATPases of SR and myo�brils are or-
ganized into functional complexes [55–57]. Their possible con�nement of ADP
and ATP into small compartments with reduced di�usion distances is considered
to enhance the functional coupling between adjacent energy producing mitochon-
dria and energy consuming ATPases. It has been proposed that in ICEUs a meta-
bolic signaling between sites of ATP production and utilization occurs via two
parallel energy transfer systems: via direct channeling of adenine nucleotides
[53, 56] and via CK-system. The latter is controlled by ADP and Pi concentration,
thus adjusting the mitochondrial ATP generation to the actual ATP turnover in
the cytosol without changing the total levels of adenine nucleotides. ICEUs hy-
pothesis was proposed on the basis of experiments that suggest the existence of
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cytoplasmic structural barriers restricting the distribution of adenine nucleotides
in the cytosol [53, 55, 58]. Mathematical modeling of the data showed that the
di�usion restrictions of ADP are localized in certain areas and are not distributed
homogeneously in the cardiomyocyte [59].

Several arguments have been raised against the hypothesis of di�usion restric-
tions. As an alternative explanation, Kongas et al. [60] proposed that the high
apparent Michaelis-Menten constant for ADP (KMADP

) in �bers might be due to
inhomogeneity of skinned �ber preparation as well as the larger diameter of the
�bers compared to the cells. In addition to skinned �bers, it is possible that the
formation of small cell aggregates in the oxygraph together with unstirred lay-
ers surrounding the cells may lead to larger di�usion distances [60]. This hypo-
thesis was tested by comparing cell population and single cell kinetics on isolated
permeabilized rat cardiomyocytes [61]. The results of the study and the quanti�-
cation of the in�uence of unstirred water layers on the measurements con�rmed
that di�usion restrictions indeed reside inside the cardiomyocytes and are not
an artifact of the preparation [61]. Furthermore, the analysis of measured di�u-
sion coe�cients for two �uorescent dyes in rat cardiomyocytes by mathematical
model of intracellular di�usion, suggested the presence of an obstructive lattice
inside the cell that could cause restrictions of the molecular di�usion [41].

To �nd out what factors cause the compartmentation, we took advantage of the
structural di�erences between rat and rainbow trout cardiomyocytes. Trout car-
diac cells have di�erent morphology and relatively simple cytological architec-
ture. In terms of morphology, energetics and function cardiomyocytes from trout
more closely resemble myocytes from neonatal rather than adult mammals [62,
63]. Furthermore, trout cardiomyocytes rely more on glycolytic energy produc-
tion [64], they are more hypoxia-tolerant and seem to lack a tight functional coup-
ling of mitochondrial creatine kinase (mtCK) to respiration [65]. Most of experi-
ments have been done on mammalian cardiomyocytes, however, experiments on
skinned �bers suggest that di�usion restrictions also exist in heart of �sh [65–
67]. These features make rainbow trout a very good animal model to study ADP
di�usion restrictions in low-performance hearts using mathematical models of
regulation of mitochondrial respiration.

The results from trout �bers may be a�ected by clustering of �bers on top of the
stirrer during oxygraphic measurements and incomplete separation of the cells,
which is avoided when studying isolated permeabilized cardiomyocytes. In Pub-
lication I ADP-kinetics of mitochondrial respiration was compared in permeabi-
lized �bers, cardiomyocytes and isolated mitochondria from rainbow trout heart.
The measurements were performed at di�erent temperatures to cover the physiolo-
gical range for rainbow trout and in the absence and presence of creatine (Cr) to
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test whether di�usion is facilitated by the CK-system. The study was complicated
by the fact that isolated trout cardiomyocytes hypercontracted after permeabiliza-
tion in the solution used for mammalian cardiomyocytes that seemed to work for
�bers. This necessitated the need for the development of an alternative solution,
in which isolated trout cardiomyocytes could retain their morphology and show
stable steady-state respiration rates throughout an experiment. The results were
obtained using a new developed �sh respiration solution and demonstrated that
KMADP

in trout �bers was higher than in cardiomyocytes. In contrast to �bers,
KMADP

in permeabilized cardiomyocytes was independent of temperature and not
decreased by Cr. However, KMADP

was still about ten times higher than in isolated
mitochondria, suggesting that intracellular di�usion of ADP is indeed restricted
in trout cardiomyocytes. This was surprising, because trout cardiac cells are long
and thin, lack t-tubules, have a lower SR density and only a single layer of myo-
�laments surrounding a central core of mitochondria. Publication I discusses the
di�erence between �bers and cardiomyocytes, the e�ect of temperature and the
physiological importance of di�usion restrictions. Publication I concludes that
di�usion restrictions also exist in trout cardiomyocytes despite their structural
di�erence and lack of membrane structures penetrating the cytosol, it also points
out that the absence of a Cr e�ect may indicate that trout heart lacks mtCK tightly
coupled to respiration.

To study intracellular di�usion restrictions further in Publication II we com-
bined mathematical modeling and speci�c kinetic experiments to reveal aspects
of intracellular compartmentation in trout cardiomyocytes. The main purpose of
Publication II was to �nd the distribution of ADP di�usion restrictions in permeabi-
lized trout cardiomyocytes and to con�rm whether they indeed lack the coupling
of mtCK to respiration. To reach this goal, sets of experimental data were generated
for the further analysis by a series of mathematical models of di�erent complexity
as in [68]. We measured mitochondrial respiration stimulated by ADP and ATP, and
evaluated the rate of inhibition of ATP stimulated respiration by an ADP-trapping
system, consisting of phosphoenolpyruvate (PEP) activating endogenous PK, and
exogenous PK, which competes with mitochondria for ADP. In Publication II we
found a high activity of HK, which stimulates mitochondrial respiration when ac-
tivated by glucose. Henceforward, the sets of experimental data were performed
1) under control conditions, 2) in the presence of glucose to study the role of HK
in more detail, and 3) in the presence of Cr to assess the role of CK. One of the im-
portant outcomes of Publication II is that the apparent KMADP

was more than two
times higher than reported in Publication I, indicating the fact that intracellular
di�usion restrictions in permeabilized trout cardiomyocytes are more prominent.
However, the extent of di�usion restriction in terms of KMADP

is still smaller in
trout than in rat cardiomyocytes. The results also showed that the overall meta-
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bolic compartmentation is di�erent in trout cardiomyocytes. In contrast to rat
cardiomyocytes, the present data were best �t by a simple model, which con-
sidered only three compartments: solution, cytosol and mitochondrial intermem-
brane space (IMS). In comparison, rat cardiomyocytes have an additional fourth
compartment, where PK is functionally coupled to a fraction of ATPases [68]. The
mathematical model suggests that in the control case, the exchange coe�cients
between solution and cytosol and IMS and cytosol are roughly similar, indicat-
ing that di�usion is restricted to almost same extent by cytosolic factors (~40%)
as by the MOM (~60%). It should be noted that the extent of the di�usion restric-
tion at the MOM level is similar to that in rat cardiomyocytes [68]. Publication
II also demonstrated that in trout cardiomyocytes instead of CK, HK is function-
ally coupled to respiration, thus, suggesting that they have a di�erent metabolic
regulation compared to mammalian cardiomyocytes.

The lack of CK coupling to respiration may be associated with the smaller dif-
fusion distances and restrictions along with the lower mechanical performance
of trout cardiac cells. As was mentioned before, SR in rainbow trout cardiomyo-
cytes is sparsely developed in comparison to adult mammalian cardiac myocytes
[69]. Ultrastructural studies have revealed that SR is located in the teleost cardio-
myocytes primarily beneath the sarcolemma [70, 71]. In fact, the SR is able of ac-
cumulating and releasing considerable amounts of Ca2+ in trout cardiomyocytes
[72–75]. Moreover, the functional importance of SR in trout heart is dynamic [76–
78]. Recent study have shown that, at rest, trout do not require the SR for Ca2+

release during ECC, and that external Ca2+ is the main trigger of cardiac contrac-
tion [79]. This can be mainly attributed to the elongated and narrow shape of
the trout cardiomyocytes, which compensates for the absence of a t-tubular sys-
tem and combined with a higher surface-to-volume ratio, increases the e�cacy of
sarcolemmal Ca2+ �ux [70, 71, 80]. In contrast, during β-adrenergic stimulation,
SR plays a signi�cant role in cardiac ECC, hence, suggesting that Ca2+ stored in
the SR of trout cardiomyocytes may act as a reserve or backup mechanism and
is released only when extra Ca2+ is required to increase the cell contraction and
cardiac performance when required, for example, during stress [79]. Taking this
into account, it is still possible, that SR and associated cytoskeleton proteins may
restrict ADP di�usion to the observed extent in trout cardiac myocytes, leading to
a functional coupling of ATPases and mitochondria in the trout heart [54] (also see
discussion in the next chapter). The results of Publication II have revealed that
the magnitude of di�usion restriction is less in trout than in rat cardiomyocytes.
In this case, perhaps, t-tubules and highly developed SR network may contribute
further to cytosolic di�usion restriction in rat cardiomyocytes. It seems that the
importance of CK and the extent of di�usion restriction in cardiomyocytes relate
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to morphology, cardiac metabolism and mechanical performance. This surely re-
quires additional studies.
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3
T H E R O L E O F C R E AT I N E K I N A S E S Y S T E M I N T H E H E A R T

Compartmentation by the MOM seems to require the presence of a CK-system
to facilitate ADP-transport, where cytosolic CK and mtCK are proposed to

play a central role in the regulation of energy production [46]. In cardiac muscle,
the CK-system serves an important function of energy bu�er ensuring optimal
ATP/ADP ratio, thus maximizing free energy of ATP hydrolysis near sites of ATP
consumption and provides a consistent availability of ATP during transitions to
high metabolic demand [32, 37, 81, 82]. In addition to a temporal bu�ering func-
tion, the CK-system has been proposed to be an important spatial bu�er that links
ATP-producing mitochondria to sites of ATP utilization via Cr/PCr shuttling. In this
shuttle system, mtCK, which is bound to the outer surface of the MIM via cardio-
lipin and functionally coupled to ANT [83], catalyzes the phosphotransfer from
ATP to Cr to generate PCr in the reaction: ATP + Cr ⇔ ADP + PCr. PCr is smaller
and more easily di�usible than ATP, it di�uses from the mitochondria to ATPases,
where cytosolic isoforms of CK catalyze the reformation of ATP from PCr, the re-
sulting free Cr di�uses back to the mitochondria [32, 46, 84–87]. This facilitated
di�usion has been suggested to be necessary to overcome the possible intracellu-
lar ADP di�usion restrictions to avoid the inhibition of ATPases and consequently
muscle contraction. Nevertheless, this spatial bu�er hypothesis and its role in cell
functioning has been the subject of intense scienti�c debates [88].

There are a number of �ndings that questioned the importance of CK system
as a spatial bu�er. Meyer et al. [89] suggested that CK-facilitated energy transfer
is just a consequence of the CK reaction and its role may be negligible for cardiac
function, if the di�usion distances are taken into account. A recent model based
on nuclear magnetic resonance (NMR) data proposed that the energetic commu-
nication via CK shuttling between mitochondria and ATPases may depend on the
workload and could be bypassed at high workload or in pathological conditions
[90]. The role of CK-system in the heart has also gained attention by the obser-
vation that the down-regulation of CK-activity and total Cr pool in the patholo-
gical condition such as heart failure results in PCr depletion, a strong decline in
ATP transfer [91–93] and also in a reduction of PCr/ATP ratio [94, 95]. This ratio
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serves as a marker of cardiac bioenergetic status and is a predictor of mortality
[96, 97]. It has also been demonstrated that disruption of the CK-system in hearts
of CK-de�cient mice, lacking both the cytosolic and the mitochondrial forms of CK
leads to cytoarchitectural rearrangements and alterations in regulation of mito-
chondrial respiration [53, 98]. At the same time, several studies using knockouts
of one or more CK isoforms or where Cr was depleted by feeding rodents with Cr
analogue, β-guanidinoproionic acid, have demonstrated di�erent e�ects on car-
diac function. Generally, the hearts seem to compensate for the absence of CK
under basal workloads, but they are not able to manage with a large and rapid
increase in energy demand, high workload conditions and ischemia [99–105]. Fur-
thermore, de�ciency of the enzymes that synthesize Cr can inhibit CK-system. For
example, GAMT-/- mice, in which the second of two essential enzymes in the bio-
synthesis of Cr - guanidinoacetate methyltransferase (GAMT) is knocked out, have
a complete de�ciency of Cr and PCr in all organs [106, 107]. Recent experiments
with GAMT-/- mice have shown that their baseline cardiac function, maximal exer-
cise capacity as well as response to chronic myocardial infarction are not a�ected
by the lack of a functional CK-system [107–109], suggesting the fact that dimini-
shed total Cr levels in the failing heart are not pathophysiological. This could be
due to compensatory changes similar to those described in hearts of CK-de�cient
mice [98, 103]. It is possible that other compensatory pathways may provide sig-
nal transduction and energy transfer between sites of energy production and con-
sumption. Two mechanisms have been proposed: a support by glycolysis of Ca2+

uptake by the SR [110] and a close association between mitochondria and SR [53].
It is well recognized that the glycolytic enzymes can be organized into complexes
bound in close proximity of ATPases so that they can directly take part in the re-
gulation of the local ATP/ADP ratio [111, 112].

The aim of the study conducted in Publication III was to determine whether
GAMT-de�ciency leads to the changes in cardiomyocyte mitochondrial organi-
zation, regulation of respiration and intracellular compartmentation as was ob-
served in hearts of CK-de�cient mice. Three-dimensional mitochondrial positio-
ning at whole cell level was assessed by confocal microscopy. Kinetic measure-
ments on permeabilized mouse cardiomyocytes included ADP and ATP kinetics of
respiration, the competition between mitochondria and PK for ADP produced by
ATPases, ADP kinetics of endogenous PK and ATP kinetics of ATPases. Using �uores-
cence microscopy, ADP kinetics of respiration was con�rmed on single permeabi-
lized cardiomyocytes by recording auto�uorescence response to changes in ADP.
The experimental results were analyzed by mathematical models to estimate in-
tracellular compartmentation. The detailed analysis of morphologic and kinetic
data showed no di�erence between GAMT-/- and wildtype mice. Moreover, mo-
deling results also demonstrated that there was no changes in intracellular com-
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partmentation, di�usion across MOM and communication between compartments.
Publication III concludes that inactivation of the CK-system in GAMT-/- mice due
to the lack of Cr does not lead to alterations in mitochondrial organization and
intracellular compartmentation in relaxed cardiomyocytes. Thus, our results sug-
gest that the healthy heart is able to preserve cardiac function at a basal level in
the absence of CK facilitated energy transfer without compromising intracellular
organization and regulation of mitochondrial energy homeostasis. The lack of
compensatory changes in mitochondrial organization and cellular compartmen-
tation in GAMT-/- mice raises questions regarding the importance of the CK-system
as a spatial bu�er in unstressed cardiomyocytes.

As a matter of fact, CK may not be crucial for spatial energy bu�ering, if the de-
creased availability of exogenous ADP to mitochondria is a consequence of close
mitochondria-SR association. Compartmentation of CK isoenzymes and their func-
tional coupling is fully developed in adult mammals [14]. This is associated with
a higher level of di�erentiation and structural organization during the matura-
tion process in mammalian cardiac cells. The absence of mtCK in the hearts of
neonatal mammals and increased activities of membrane-bound hexokinases im-
ply that neonatal cells are more dependent on glycolysis [113–115]. Likewise, the
hearts of lower vertebrates such as frog and �sh seem not to have a mtCK functio-
nally coupled to oxidative phosphorylation (see Publication I and Publication II).
It can be explained by the fact that they have a lower cardiac performance, body
temperature and a reliance on glycolysis for ATP production [14, 65]. The SR also
appears to be less developed in lower vertebrates compared to adult mammals
[69, 116]. Furthermore, in mammalian heart, the SR is sparse and immature at
fetal and neonatal stage, its association with mitochondria increases during post-
natal development [24]. During maturation mammalian cardiomyocytes increase
in diameter and become terminally di�erentiated, their structural organization be-
comes more complex, they develop multiple parallel rows of myo�brils and orga-
nize mitochondria in a crystal-like pattern [39, 117, 118]. Mitochondrial oxidative
capacity increases, becoming a major source of energy for the heart. The switch
from glycolysis to mitochondrial oxidative metabolism during cardiac develop-
ment increases the activities and signi�cance of functional coupling of cytosolic
and mtCK [114, 119]. In view of this the question arises whether CK-system is
needed to facilitate ADP transport across the MOM in the heart? Is it possible that
the decreased accessibility of exogenous ADP to mitochondria after cardiomyo-
cyte maturation is due to the gradual development of the mitochondria-SR assem-
blies, and is not associated with the enhancement of energetic communication
via the CK-system? Thereby in this context, variations in SR-mitochondria asso-
ciations and interactions might give an alternative explanation for the species-
speci�c di�erences and developmental changes in the apparent ADP-a�nity of
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permeabilized cardiomyocytes [14, 115, 118, 120], see also Publication I and Pub-
lication II. Consequently, the extent of di�usion restriction relates to morphology,
metabolism and ECC as well, and depends on structural and functional develop-
mental stage of the SR. Nevertheless, this hypothesis is still open for discussions
and remains to be carefully tested experimentally.
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4
T H E R O L E O F A D P I N P R O T E C T I O N A G A I N S T m P T P
O P E N I N G

The common premise for the mitochondria-related diseases centers on energy
failure, Ca2+ dysregulation, and oxidative stress. Dysregulation of the intra-

cellular Ca2+ homeostasis and a dramatic decrease in the availability of ATP are
characteristics during transient ischemic episodes in the heart and the brain and
can lead to opening of the mPTP and enhanced generation of ROS [121–123].

mPTP is a non-speci�c high-conductance pore in the inner mitochondrial mem-
brane, permeable to small molecules and ions with molecular masses up to 1500
Da. Under physiological conditions transient opening of mPTP may generate “su-
peroxide �ashes” for redox signaling [124] and also function as a mitochondrial
Ca2+-release channel for the intracellular Ca2+ signaling [125–127]. However, un-
der pathological conditions, increase of the mitochondrial Ca2+ content above the
optimal threshold would be dangerous for the cell, since it results in inhibition
of oxidative phosphorylation [128] and irreversible opening of mPTP, ultimately
leading to cell death [129–131]. Irreversible pore opening leads to collapse of the
membrane potential, matrix swelling and rupture of the MOM, followed by the re-
lease of pro-apoptotic mediators [27]. Extensive studies of mPTP in cardiac patho-
logical conditions, including IR, indicate that loss of mitochondrial functions by
opening of the mPTP is one of major mechanisms of reperfusion-induced cardio-
myocyte necrosis [132–134].

The exact molecular composition of the mPTP remains unknown, although some
proteins have been suggested to play important roles. Experiments with ANT and
cyclophilin D (CypD) knockout mice [135, 136] demonstrated that ANT and CypD
are not the pore-forming components, implying that they can play only a regu-
latory role in mPTP opening [137–139]. However, inhibition of mPTP by either
cyclosporine A (CsA) or genetic knockout of CypD guarantees powerful protection
from reperfusion injury and heart failure [140, 141]. Recent studies have sugges-
ted that the mPiC [139] and F1F0-ATPase dimers may play a crucial role in mPTP
formation [142, 143].
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ADP is a well known mPTP inhibitor [144–146] that plays a dual role as a key
substrate for ATP synthesis, thus inhibiting the channel activity of F1F0-ATPase di-
mers [143] and decreases Ca2+-sensitivity by shifting ANT into “m” conformation
[28, 29]. In addition, ADP may enhance Ca2+ sequestration in the form of Ca2+-
phosphate precipitates [147, 148]. Physiologically, stimulation of oxidative phos-
phorylation by ADP minimizes excessive ROS production and Ca2+ release from
mitochondria. Pathologically, defects of this ADP regulatory mechanism lead to
energetic failure, oxidative stress, and Ca2+ dysregulation, which enhance the
vulnerability of cardiomyocytes to injury and death. The determination of the
mechanistic aspect of cardiac protection by ADP would help in future develop-
ment of a new potential therapy for oxidative stress-mediated heart diseases.

Publication IV was designed to investigate the protective e�ects of ADP on mPTP
opening under pathophysiological conditions. The study addressed how ADP af-
fects the Ca2+-induced mPTP opening and ROS production, and how this is in�u-
enced by oxidative stress. The Ca2+ retention capacity (CRC) and ROS production
experiments were performed on isolated mouse heart mitochondria under normal
conditions and under conditions of acute (IR or tert-butyl hydroperoxide (t-BH) ex-
posure) and chronic oxidative stress (aging and diabetes). The most notable out-
come of Publication IV is the consistent e�ect of ADP on CRC, which relates to its
concentration, even after severe oxidative stress. This may become important for
mitochondrial survival in the pathological situation, where matrix ADP may in-
crease due to Ca2+ overload, depolarized mitochondrial membrane potential and
less e�cient ATP production. The results showed that chronic oxidative stress by
aging and diabetes did not a�ect the initial CRC or the e�ect of ADP. In addition,
Ca2+-sequestration had no e�ect on CRC. In control mitochondria ADP decreased
both substrate and Ca2+-induced increase of ROS. However, in mitochondria ex-
posed to t-BH the e�ect of ADP on CRC is not the result of reduced ROS production.
This suggests that signi�cant regulation by ADP may occur via its internal bind-
ing site, which could be on F1F0-ATPase. Publication IV concludes that the ability
of ADP to serve multiple roles as a master regulator of mitochondrial homeostasis
of ATP, Ca2+ and ROS dynamics, makes it a unique molecule to preserve mitochon-
drial function under conditions of acute oxidative stress.

physiological implications of adp diffusional barriers

In perspective, we propose the physiological implications of ADP di�usional bar-
riers in cytosol and at MOM level considering the role of ADP in mPTP regula-
tion. Cytosolic ADP di�usional barriers in permeabilized cardiomyocytes may be
formed by the close SR-mitochondria associations together with cytoskeleton pro-
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teins as well as by crowding of cytosolic proteins [54], hence, leading to functional
coupling of ATPases and mitochondria. In vivo, such mitochondria-SR coupling is
essential for providing a structural framework for bi-directional Ca2+/ADP sig-
naling that regulates mitochondrial energetics, ECC and ROS signaling, avoiding
excessive mitochondrial Ca2+-uptake and irreversible opening of the mPTP.

It is also considered that the di�usion restriction may be induced by the MOM.
Although the exact role of VDAC in vivo remains yet unknown, it has been sug-
gested that the limited permeability of the MOM is regulated by tubulin binding
to VDAC [46, 51, 149]. As has been demonstrated, mtCK may interact with VDAC
and ANT at the contact sites between MIM and MOM [150, 151] to form a micro-
compartment, separating mitochondrial ATP and ADP pools, and thus creating a
local and e�cient ADP-regenerating system. The local availability of ADP to ANT
would ensure the moderate formation of ROS and the closure of the mPTP, under
conditions of low permeability of the MOM to ADP.

From an alternative point of view, if such regulation of MOM via VDAC-tubulin
interactions takes place, the MOM would be expected to be more permeable in the
absence of a functional CK-system. However, our results in Publication III demon-
strate that there was no structural changes in compartmentalization as well as
in di�usion across the MOM and mitochondrial organization in GAMT-/- mice. The
lack of changes in GAMT-/- mice speak in favor of SR-mitochondria interaction
as a di�usion barrier. This is in agreement with the observation that mitochon-
dria are able to provide energy for SERCA-mediated Ca2+ uptake with the same
e�cacy as CK [53]. Compromised energetics a�ects SERCA activity and Ca2+ re-
uptake, which may lead to mitochondrial Ca2+ overload. In this scenario, the pro-
tective role of ADP comes into a play. Ca2+ overload, combined with depolarized
mitochondrial membrane potential and insu�cient ATP production leads to the
increase of matrix ADP concentration. Elevated level of matrix ADP can delay mPTP
opening. Thereby, under conditions of disrupted energy supply or the lack of the
functional CK-system, transport of ADP and Pi from SERCA to the mitochondria
may enhance the mitochondrial CRC before mPTP opening is triggered [152], see
also Publication IV. It thus avoids the danger of mitochondrial Ca2+ overload that
would open the mPTP, leading to cell death.
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5
C O N C L U S I O N S

This dissertation broadens the understanding of energetic compartmenta-
tion in cardiomyocytes and the role of ADP in the protection against mPTP

opening. The main �ndings and results of this work are summarized below:

1) The experimental data demonstrated that cardiomyocytes from rainbow trout,
which are much thinner than those of mammals, lack t-tubules and have a
lower SR density, show restricted di�usion albeit to a smaller extent than in
rat cardiomyocytes.

2) The analysis of the experimental data with mathematical models suggested
that in the control case, the di�usion is obstructed to almost the same extent
by cytosolic factors as at the MOM level.

3) Modeling results have revealed that trout cardiomyocytes lack the cytosolic
PK-ATPases compartment that was found in rat cardiomyocytes. Moreover, in-
stead of CK, results demonstrated that HK is coupled to respiration in trout.
These data suggest that trout cardiomyocytes have di�erent metabolic com-
partmentation and regulation compared to mammalian cardiomyocytes.

4) The quantitative analysis of morphologic and kinetic data together with math-
ematical modeling showed that inhibition of the CK-system by GAMT-de�ciency
does not cause alterations in intracellular compartmentalization and di�usion
across MOM as well as mitochondrial organization in relaxed cardiomyocytes.
These outcomes demonstrate that the basal cardiac function is not severely
compromised in the absence of CK-facilitated energy transfer and raise ques-
tions regarding the importance of CK-system a spatial bu�er at low and mode-
rate workloads.

5) The results from trout cardiomyocytes and the lack of changes in GAMT-/- mice
speak in favor of SR-mitochondria association as a di�usion barrier. This thesis
considers an alternative view on di�usional restriction at the MOM level. It is
possible, that in part it might be not due to the membrane itself, but due to the
close association between the SR and mitochondria. The SR-mitochondria as-
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conclusions

sembly may restrict di�usion of molecules from the medium to mitochondria
in permeabilized cardiomyocytes, whereas, in vivo, it also creates the struc-
tural basis for the energetic interaction between SERCA and mitochondria. This
is essential for the optimal regulation of mitochondrial respiration, ECC, Ca2+

and ROS signaling, and for avoiding the mitochondrial Ca2+-overload and irre-
versible opening of the mPTP.

6) While investigating the role of ADP in the protection from mPTP opening it
was found that ADP increases the CRC in severely stressed mitochondria (IR
or t-BH exposure) by the same amount as in mitochondria from control mice
and its e�ect on CRC is related to [ADP] and not to the total concentration of
adenine nucleotides. Despite the fact that ADP decreased both substrate and
Ca2+-induced increase of ROS production in control mitochondria, its e�ect on
ROS is very small in t-BH-treated mitochondria. These data suggest that the
mechanism with which ADP increases mitochondrial CRC is independent of its
potential e�ect on ROS production.

7) As has been noted, under physiological conditions, ADP serves as a substrate
for ATP synthesis, thus, ensuring a moderate ROS generation and the closure
of mPTP. Under pathological conditions, an increase in ADP concentration can
e�ectively delay mPTP opening so that mitochondrial membrane integrity can
be preserved to maintain energy production.
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Abstract
Background: Restriction of intracellular diffusion of adenine nucleotides has been studied
intensively on adult rat cardiomyocytes. However, their cause and role in vivo is still uncertain.
Intracellular membrane structures have been suggested to play a role. We therefore chose to study
cardiomyocytes from rainbow trout (Oncorhynchus mykiss), which are thinner and have fewer
intracellular membrane structures than adult rat cardiomyocytes. Previous studies suggest that
trout permeabilized cardiac fibers also have diffusion restrictions. However, results from fibers may
be affected by incomplete separation of the cells. This is avoided when studying permeabilized,
isolated cardiomyocytes. The aim of this study was to verify the existence of diffusion restrictions
in trout cardiomyocytes by comparing ADP-kinetics of mitochondrial respiration in permeabilized
fibers, permeabilized cardiomyocytes and isolated mitochondria from rainbow trout heart.
Experiments were performed at 10, 15 and 20°C in the absence and presence of creatine.

Results: Trout cardiomyocytes hypercontracted in the solutions used for mammalian
cardiomyocytes. We developed a new solution in which they retained their shape and showed
stable steady state respiration rates throughout an experiment. The apparent ADP-affinity of
permeabilized cardiomyocytes was different from that of fibers. It was higher, independent of
temperature and not increased by creatine. However, it was still about ten times lower than in
isolated mitochondria.

Conclusions: The differences between fibers and cardiomyocytes suggest that results from trout
heart fibers were affected by incomplete separation of the cells. However, the lower ADP-affinity
of cardiomyocytes compared to isolated mitochondria indicate that intracellular diffusion
restrictions are still present in trout cardiomyocytes despite their lower density of intracellular
membrane structures. The lack of a creatine effect indicates that trout heart lacks mitochondrial
creatine kinase tightly coupled to respiration. This argues against diffusion restriction by the outer
mitochondrial membrane. These results from rainbow trout cardiomyocytes resemble those from
other low-performance hearts such as neonatal rat and rabbit hearts. Thus, it seems that metabolic
regulation is related to cardiac performance, and it is likely that rainbow trout can be used as a
model animal for further studies of the localization and role of diffusion restrictions in low-
performance hearts.
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Background
In permeabilized preparations of mammalian oxidative
muscles such as red skeletal muscle and the heart, diffu-
sion of ADP and phosphate from the surrounding
medium to the adenine nucleotide translocase (ANT) in
the inner mitochondrial membrane is restricted [1,2].
Especially the diffusion restriction of ADP in adult rat car-
diomyocytes has received much attention, because the
compromised energetic balance induced by ischemia-
reperfusion damage is associated with diminished diffu-
sion restrictions [3,4].

The existence of diffusion restrictions is indicated by that
the apparent ADP-affinity of mitochondria in situ in per-
meabilized fibers and cardiomyocytes is much lower (KM

ADP~300 μM in rat fibers and cardiomyocytes) than the
ADP-affinity of isolated mitochondria (KM ADP < 20 μM)
[5-7]. It was first proposed that this was due to low perme-
ability of the outer mitochondrial membrane, which is
partially overcome by creatine kinase (CK) [8,9]. In addi-
tion to the outer mitochondrial membrane, some diffu-
sion restrictions also reside in the cytosol. They lead to a
preferential metabolic channeling of ADP from ATPases
to mitochondria [10]. Likewise, ATP from mitochondria
is channeled to the sarcoplasmic reticulum (SR) Ca2+-
ATPase (SERCA) and myosin ATPase [11]. This led to the
hypothesis that cytosolic diffusion restrictions divide car-
diomyocytes into subcellular compartments termed
"intracellular energetic units" (ICEUs) [12-14]. Their con-
finement of ADP and ATP in small compartments with
short diffusion distances enhances the functional cou-
pling between adjacent energy producing mitochondria
and energy consuming ATPases.

It is still not clear what causes the diffusion restrictions in
rat cardiomyocytes. The importance of the outer mito-
chondrial membrane has recently regained attention in
studies on isolated brain mitochondria suggesting that its
permeability is regulated by tubulin [15,16]. Possible can-
didates for cytosolic diffusion restrictions are membrane
structures such as SR and t-tubules [12,14]. But also
cytoskeletal components such as tubulin have been pro-
posed [6]. These structures are rather densely packed in
adult rat cardiomyocytes. In contrast, cardiomyocytes
from rainbow trout (Oncorhynchus mykiss) have a rela-
tively simple morphology. They are only 2-5 μm thick
[17,18], have no t-tubules and a sparsely developed SR
[19]. Below the sarcolemma is a single ring of myofila-
ments surrounding a central core of mitochondria
[18,20]. Thus, if t-tubules and SR cause diffusion restric-
tion, we would expect diffusion restrictions to be much
smaller in trout cardiomyocytes.

Previous studies on rainbow trout permeabilized cardiac
fibers suggest that despite their simple morphology, they

also have intracellular diffusion restrictions. As in rat per-
meabilized fibers, their apparent ADP-affinity is much
lower than that expected for isolated mitochondria, but it
is increased by the addition of creatine. Furthermore, a
competitive assay with excess pyruvate kinase activity only
partially inhibits mitochondrial respiration [21,22]. How-
ever, the results from permeabilized fibers may be affected
by incomplete cell separation, and/or clustering of fibers
on top of the stirrer during oxygraphy measurements.
These are avoided with permeabilized cardiomyocytes,
since the single cells disperse evenly in the oxygraphy
medium. Rat permeabilized fibers and cardiomyocytes
have similar ADP-kinetics [6], which reaffirm the reliabil-
ity of the results. However, trout permeabilized fibers
have given contradictory results, because creatine lowers
the apparent KM ADP [21,23], but there does not seem to be
a mitochondrial CK tightly coupled to respiration [22].
The aim of this study was to control the existence of diffu-
sion restrictions in trout cardiomyocytes by comparing
the apparent ADP-affinity in permeabilized cardiac fibers,
permeabilized isolated cardiomyocytes and isolated mito-
chondria. An effect of temperature on diffusion restric-
tions in terms of apparent KM ADP was found previously on
both trout and rat cardiac fibers [23,24]. This is important
for the rainbow trout which lives at a temperature range of
2-23°C. Furthermore, due to the different temperature
sensitivity of metabolism and diffusion speed, the effect
of temperature allows us to draw conclusions about the
importance of diffusion distance as one of the restricting
factors. Therefore, the experiments were performed at 10,
15 and 20°C. Additionally, because CK may play an
important role in facilitating ADP-diffusion across diffu-
sion restriction barriers, the experiments were performed
in both the absence and presence of creatine.

The experiments were complicated by hypercontraction of
isolated trout cardiomyocytes in the R(respiration)-solu-
tion used previously for permeabilized fibers. This solu-
tion was originally developed for mammalian tissue and
will be referred to as "mammalian R-solution". Therefore,
we first had to develop a new "fish R-solution" for trout
cardiomyocytes, in which they maintained shape and
showed stable steady state respiration rates throughout
each experiment. The results on cardiomyocytes were dif-
ferent from those on fibers suggesting that results from
trout fibers were affected by incomplete separation of the
cells. However, the apparent ADP-affinity of cardiomyo-
cytes was still about an order of magnitude higher than
that of isolated mitochondria. This indicates that trout
cardiomyocytes still have diffusion restrictions despite
their low density of intracellular membrane structures.
However, in cardiomyocytes, creatine did not lower the
apparent KM ADP suggesting that there is no mitochondrial
creatine kinase tightly coupled to respiration to overcome
diffusion restrictions.
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Methods
Animals
Rainbow trout were obtained from local fish farms
(Simuna Ivax OÜ, Lääne-Virumaa, and Forkala OÜ, Roo-
sna-Alliku, Estonia). They were kept in a 1200 liter fresh-
water tank at 15 ± 1°C, and fed regularly with commercial
fish food. They were allowed to acclimatize for at least 3
weeks before the experiments. All procedures were
approved by the Estonian National Committee for Ethics
in Animal Experimentation (Estonian Ministry of Agricul-
ture). The fish was stunned by a single blow to the head
followed immediately by a cut of the spine. The heart was
excised and immediately transferred to ice-cold solution
to minimize ischemia.

Preparation of permeabilized cardiac fibers
The excised heart was transferred to ice-cold isolation
solution (see composition below). The ventricle was iso-
lated and the spongy layer and compact layer were sepa-
rated. The spongy tissue was cut into six smaller pieces,
which were transferred to fresh S(skinning)-solution in a
petri-dish on ice. Each piece was carefully dissected using
fine tweezers (Dumont 3, Dumostar, World Precision
Instruments) to separate the tissue into thin bundles of
cells that were interconnected. The fibers were permeabi-
lized by incubation for 30 min under continuous mixing
in S-solution containing 50 μg/ml saponin at 4°C. After
this, they were washed twice for 10 min in S-solution
without saponin and stored at 4°C in S-solution until use
within less than 3 hours.

Isolation of cardiomyocytes
The isolation of trout cardiomyocytes has been described
previously [18]. The heart was excised with atrium and
bulbus arteriosus and transferred to ice-cold isolation
solution (see composition below). A cannula was inserted
through the bulbus arteriosus into the ventricle and the
heart was perfused in retrograde manner with isolation
solution for 8-10 min to wash the heart free from blood
and to lower extracellular Ca2+-concentration. After wash-
ing, the heart was perfused with isolation solution con-
taining 0.5 mg/ml trypsin, 0.75 mg/ml collagenase A and
0.75 mg/ml BSA for 18-20 min to digest the extracellular
matrix and dissociate the cardiomyocytes. After digestion,
the heart was taken off the cannula and cut into smaller
pieces. The cardiomyocytes were suspended with a 1 ml
pipette, where the tip had been cut off in order to mini-
mize mechanical damage. The cell suspension was filtered
through nylon tissue, and healthy cells were isolated by
sedimentation. The isolation procedure was carried out at
room temperature, and the isolated cells were kept in iso-
lation solution at 4°C until use within at least 3 hours.

Isolation of mitochondria
Mitochondria were isolated by differential centrifugation
of tissue homogenate similar to in Bouzidi et al. [25]. The

heart was excised and transferred to buffer A (see compo-
sition below). The atrium and bulbus arteriosus were cut
off and the ventricle was blotted dry and weighed. After
one more wash in fresh buffer A it was blotted dry again
and cut into smaller pieces (2 × 2 mm), which were incu-
bated for 5 min in 2.5 ml buffer A containing 1 mg sub-
tilisin per g ventricular muscle. At the end of incubation,
12.5 ml buffer A was added and the sample was centri-
fuged at 15000 g for 5 min. The resulting pellet was re-sus-
pended in 15 ml buffer A and centrifuged at 15000 g for 5
min. The washed pellet was re-suspended in 15 ml buffer
A and transferred to a glass homogenizer with a Teflon
pestle. The suspension was homogenized at 500 rpm in
three rounds of 1-2 seconds and centrifuged for 5 min at
1000 g. The supernatant was retained, while the pellet was
re-suspended in 10 ml buffer A, homogenized at 750 rpm
in three rounds of 1-2 seconds and centrifuged for 5 min
at 1000 g. The two supernatants were spun at 14000 g for
10 min. Each pellet was re-suspended in 0.9 ml buffer A
and centrifuged for 5 min at 2000 g. The resulting super-
natants were then centrifuged for 15 min at 8000 g, and
the pellets containing the mitochondria were resuspended
in 0.4 ml buffer A. The isolation of mitochondria was car-
ried out at 0-4°C, and the isolated mitochondria were
kept on ice until use within 3 hours.

Recording of ADP-stimulated oxygen consumption
Oxygen consumption of the sample was recorded in an
Oroboros oxygraph-2k (Oroboros Instruments, Austria),
and the rate of oxygen consumption (nmol O2 ml-1 min-1)
was calculated by software developed in our laboratory.
To prepare permeabilized fibers for oxygraphy measure-
ments, they were washed twice for 5 min in the R-solution
used for oxygraphy. This was either the mammalian R-
solution used previously [21-23] and composed for mam-
malian permeabilized fibers, or the new fish R-solution
(see compositions below). These washes served to remove
all adenine nucleotides, creatine and phosphocreatine
that were present in the S-solution, in which the fibers
were kept until use. For isolated cardiomyocytes and iso-
lated mitochondria, which were kept in solutions without
these components, a known volume of suspension was
added to the oxygraph chamber with fish R-solution. Iso-
lated cardiomyocytes were permeabilized in the oxygraph
chamber by the addition of 20 μg ml-1saponin to the
chamber at least 4-10 min before the first recordings. This
concentration of saponin was chosen on the basis of pre-
liminary experiments, where cells were incubated with 1
mM ADP, and the increase in respiration rate was fol-
lowed in time until it reached steady state. Among the dif-
ferent saponin-concentrations tested, we observed that 20
μg ml-1 led to a steady state respiration rate within 4-10
min (longer time at cold temperature) that was main-
tained for more than 30 min (results not shown).
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Oxygen consumption was stimulated by stepwise
increases in the ADP-concentration. For most experi-
ments, 8 μM cytochrome c and 30 μM atractyloside was
added at the end of the ADP-titration to test the intactness
of the outer and inner mitochondrial membrane, respec-
tively. At the end of the experiments, permeabilized fibers
were taken out of the chamber to determine their dry
weight, and allow for the expression of their respiration
rate as nmol O2 min-1 mg dw-1. For isolated cardiomyo-
cytes and isolated mitochondria, an aliquot of the suspen-
sion was frozen to later determine the protein
concentration by a standard bicinchoninic acid (BCA)
colorimetric assay (Thermo Scientific). Knowing the vol-
ume of suspension added to the oxygraph, respiration rate
was calculated as nmol O2 min-1 mg protein-1.

Solutions
S(skinning)-solution for preparation of permeabilized
fibers (originally developed by [26]) was composed of
(mM): CaK2EGTA 2.77, K2EGTA 7.23, MgCl2 6.56, imida-
zole 20, taurine 20, dithiotreitol 0.5, KOH 50, MES 50,
Na2ATP 5.7, phosphocreatine 15, pH adjusted to 7.1 with
KOH.

Isolation solution for isolation of cardiomyocytes [18]
was composed of (mM): NaCl 100, KCl 10, KH2PO4 1.2,
MgSO4 4, taurine 50, glucose 20, Hepes 10, pH adjusted
to 6.9 with NaOH.

Buffer A for isolation of mitochondria [25] was composed
of (mM): sucrose 70, mannitol 220, EDTA 1, Hepes 10,
pH adjusted to 7.4 with KOH, 0.5% bovine serum albu-
min (BSA) added immediately before use.

Mammalian R(respiration)-solution (originally devel-
oped by [26]) was composed of (mM): CaK2EGTA 2.77,
K2EGTA 7.23, MgCl2 1.38, imidazole 20, taurine 20, dithi-
otreitol 0.5, K2HPO4 3, KOH 90, NaOH 10, MES 100,
glutamate 5, malate 2, pH adjusted to 7.1 with KOH,
0.2% BSA added immediately before use.

Fish R(respiration)-solution was composed of (mM): KCl
20, K-lactobionate 85, MgCl2 3, KH2PO4 5, EGTA 0.4,
dithiotreitol 0.3, glutamate 5, malate 2, taurine 20, Hepes
20, pH adjusted to 7.1 with KOH, 0.2% BSA added imme-
diately before use.

Imaging of isolated cardiomyocytes
Isolated rat cardiomyocytes were provided from other
experiments in our laboratory. For transmission images,
the cells were mixed in isolation solution and imaged
under a Nikon Ti-U microscope with a 60×/NA 1.2 water-
immersed objective. For confocal images, rat and trout
cardiomyocytes were kept in Ca2+-free Ringer and isola-
tion solution, respectively, containing 30 mM BDM (2,3-

butanedione monoxime). The sarcolemma and mito-
chondria were labeled by incubation for at least 15 min
with the membrane potential sensitive dye Di-8-ANEPPS
(5 μM; Invitrogen), and the mitochondrial potential sen-
sitive dye Mitotracker Red (1 μM; Invitrogen), respec-
tively. Three-dimensional confocal images (z-stacks) were
acquired on a Zeiss LSM 510 confocal microscope with a
63×/NA 1.2 water-immersed objective. The images were
deconvolved by software developed in our laboratory
using the point spread function recorded at 543 nm [27].

Data and statistics
Normalized kinetic parameters such as basal respiration
rate in the absence of ADP (V0), maximal respiration rate
at saturating ADP (Vmax), acceptor control ratio (ACR =
Vmax/V0), and the ADP-affinity in terms of the Michaelis-
Menten constant (KM ADP) were calculated using in-house
software.

All values are presented as mean ± SEM, and statistical
tests are described in the legends of the respective figures
and tables.

Results
Morphology of rainbow trout compared to rat 
cardiomyocytes
To illustrate the size and morphology differences between
trout and rat cardiomyocytes, we recorded transmission
images of the two cell types together. A representative
example is shown in Fig. 1A. For more detail, we recorded
confocal images of cells, where the sarcolemma was
labeled with the potential sensitive indicator di-8-
ANEPPS (green) and mitochondria were labeled with the
potential sensitive Mitotracker Red CMXRos (red). The
deconvolved images and reconstructed cross sections are
shown for rat and trout cardiomyocytes in Fig. 1B and 1C,
respectively. These pictures illustrate that rat cardiomyo-
cytes have several parallel rows of mitochondria that are
organized as in a crystal lattice in all three dimensions
[20]. This regular arrangement correlates with that of the
interspersed parallel rows of myofilaments [28]. Notice
also the t-tubular invaginations of the sarcolemma that
extend into the center of the cell. In contrast, trout cardio-
myocytes have a central core of mitochondria, which are
organized rather chaotically [20]. The gap from the mito-
chondrial core to the sarcolemma is occupied by a single
layer of myofilaments. Of note is the small diameter com-
pared to rat cardiomyocytes and the absence of t-tubules.

Development of a new intracellular solution for trout 
cardiomyocytes
Recording of respiration of isolated cardiomyocytes was
complicated with the use of "mammalian R-solution"
used in previous studies on permeabilized trout cardiac
fibers [21-23]. The mammalian R-solution was originally
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developed for studies on mammalian tissue, but permea-
bilized trout fibers had an acceptable ACR in this solution
(Table 1). However, when isolated trout cardiomyocytes
were permeabilized in this solution, their mitochondria
swelled immediately followed by hypercontraction and
the formation of blebs around the hypercontracted cells.
We developed a new "fish R-solution" in which isolated
trout cardiomyocytes maintained their morphology and
showed stable steady-state respiration rates at all concen-
trations of ADP (Fig. 2). Interestingly, a few preliminary
experiments to test this solution showed that when rat car-
diomyocytes were permeabilized in the fish R-solution,

they hypercontracted and oxygen consumption was virtu-
ally absent.

The new intracellular solution for trout cardiomyocytes
was developed by trial and error. An important observa-
tion in this development was that trout cardiomyocytes
maintained their overall morphology in a solution with
high KCl [29]. Although their mitochondria swelled due
to the high chloride concentration, they did not hyper-
contract. Thus, this solution was used as a starting point to
approach the MIR05 solution, which is recommended for
permeabilized cells [30]. The composition of the final fish

Comparison of trout and rat cardiomyocytesFigure 1
Comparison of trout and rat cardiomyocytes. (A) Transmission image of trout and rat cardiomyocytes next to each 
other in the same solution. Trout cardiomyocytes can be very long, and only half of the trout cardiomyocyte was within the 
camera field of view. (B, C) Deconvolved confocal images of rat cardiomyocyte (B) and trout cardiomyocyte (C) labeled with 
di-8-ANEPPS (green; labeling sarcolemma) and mitotracker Red CMXRos (red; labeling mitochondria). The upper image shows 
one image from a confocal z-stack, and lower image shows re-constructed cross section. Note different size of the scale bars.

Table 1: ADP-kinetics of respiration in permeabilized fibres in mammalian R-solution

Temp Creatine n V0 Vmax ACR KM ADP

10°C - 5 2.28 ± 0.21 17.95 ± 2.59 7.90 ± 0.91 509 ± 57
+ 5 2.15 ± 0.25 15.88 ± 2.59 7.38 ± 0.68 252 ± 48

15°C - 5 3.39 ± 0.45 22.17 ± 3.46 6.62 ± 0.85 399 ± 34
+ 5 3.30 ± 0.49 19.37 ± 3.69 5.82 ± 0.77 200 ± 17 *

20°C - 5 5.48 ± 0.18 24.22 ± 1.97 4.42 ± 0.32 178 ± 32
+ 5 5.21 ± 0.45 22.71 ± 3.78 4.26 ± 0.39 129 ± 30

Respiration was stimulated by increasing concentrations of ADP, and the kinetic parameters were calculated: V0 (nmol O2 min-1 mg dw-1) is the 
basal respiration rate before addition of ADP; Vmax (nmol O2 min-1 mg dw-1) is the maximal respiration rate at saturating ADP; ACR = Vmax/V0; KM 

ADP (μM) is the ADP-concentration at which V = Vmax/2. Vmax and KM ADP were calculated by a hyperbolic fit of the data. Experiments were 
performed at three different temperatures in the absence and presence of creatine. Number of experiments is given in column n. At each 
temperature, results in the absence and presence of creatine were compared by a paired Students t-test. * denotes P < 0.05 significantly different in 
the presence of creatine. The effect of creatine at 10°C was almost significant (P = 0.0533). Temperature-dependency was assessed by a one-way 
ANOVA in the absence and presence of creatine, respectively. Temperature had a significant effect on V0 (P < 0.001), ACR (P < 0.05) and KM ADP in 
the absence of creatine (P < 0.001).
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R-solution is shown in Table 2, where it is compared to
the mammalian R-solution, the high KCl-solution [29]
and MiR05 [30]. Compared to the MIR05 solution, the
main difference is that the fish R-solution contains more
K-lactobionate, 20 mM KCl and no sucrose. The concen-
tration of K-lactobionate could be varied between 20 and
130 mM without any gross effect on the oxygraph results
(not shown). We chose an intermediate concentration of
85 mM, so that total K+-concentration was 110 mM. This
is close to the concentration in the mammalian R-solu-
tion, the 108 mM in sheep purkinje cells [31], and the 118
mM in frog heart (calculated from [32] using an activity
coefficient of 0.73 [33]). The presence of sucrose did not
seem to affect the results, so we left it out to keep the
osmolarity between that of the mammalian R-solution
and MiR05 (Table 2). We speculate whether KCl was
important. In some cell types, chloride transport through

a mitochondrial chloride intracellular channel (mtCLIC)
is believed to be important for maintaining mitochon-
drial membrane potential [34]. The addition of 20 mM
KCl gave a total Cl--concentration of 26 mM, which is very
close to the 25 mM reported for chicken cultured cardio-
myocytes [35] and calculated for frog ventricle (using an
activity of 17.6 mM [36] and an activity coefficient of 0.7
as in [35]). With a physiological level of chloride, we
could be sure that mitochondrial CK (if present) would
not dissociate from the inner mitochondrial membrane,
as it is known to happen in solutions with high KCl [37].
The 0.3 mM dithiothreitol in the fish R-solution ensures
that the thiol-group of Cys-282 in the active site CK is
reduced, which is crucial for CK function [38]. Ionic
strength is intermediate between that of the mammalian
R-solution and the MiR05 (Table 2).

Example of respiration of permeabilized cardiomyocytesFigure 2
Example of respiration of permeabilized cardiomyocytes. Representative example recorded at 10°C in the absence of 
creatine showing the respiration rate of permeabilized trout cardiomyocytes (CM) during stepwise increases in ADP-concen-
tration as indicated. Note that the respiration rate was relatively stable at each step of the ADP-titration, that cytochrome c 
did not increase respiration rate, and that atractyloside brought respiration rate down to the same level as the basal respira-
tion rate before addition of ADP.
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We were able to compare the ADP-kinetics of respiration
in mammalian R-solution and fish R-solution in permea-
bilized fibers, which survived in both solutions. The
results are shown in Table 1 and 3, respectively. In agree-
ment with previous studies, the results from permeabi-
lized fibers had two apparent KM ADP values in the absence
of creatine [23], but for simplicity we show only the
apparent KM ADP obtained by fitting with a single hyper-
bolic equation. KM ADP was higher in the fish R-solution
only at 15°C in the absence of creatine (P < 0.05). How-
ever, the main difference was that fibers had a better per-
formance at high temperatures in fish R-solution: V0 was
lower at 20°C (P < 0.001 and P < 0.01 in the absence and
presence of creatine, respectively), and ACR was higher at
both 15 and 20°C (P < 0.05 in the absence of creatine at
both temperatures, and P < 0.01 and 0.001 in the presence
of creatine at 15 and 20°C, respectively). The remainder
of this article focuses on the oxygraphy data obtained
using this fish R-solution.

ADP-kinetics of respiration in permeabilized fibers
The ADP-kinetics of respiration in permeabilized fibers is
shown in Table 3 and Fig. 3. V0, Vmax and ACR were similar
in the absence and presence of creatine at each tempera-
ture. V0 increased with temperature, whereas Vmax and
ACR were temperature-independent. KM ADP was lowered
by creatine, and this was significant at 10 and 15°C. KM

ADP decreased with temperature, but the temperature-
effect was only significant in the absence of creatine
(Table 3).

ADP-kinetics of respiration in permeabilized 
cardiomyocytes
The ADP-kinetics of respiration in permeabilized isolated
cardiomyocytes is shown in Table 4 and Fig. 3. V0 was
slightly higher and ACR slightly lower in the presence
than in the absence of creatine at 15 and 20°C (Table 4).
However, the most important result is the apparent KM

ADP, which is interesting to compare with that of fibers

Table 2: Comparison of intracellular solutions

Compound Mammalian R-solution KCl MiR05 Fish R-solution

CaK2EGTA 2.77
K2EGTA 7.23
Imidazole 20

K-MES 100
KCl 125 20

Sucrose 110
K-lactobionate 60 85

MgCl2 1.38 3 3 3
K2HPO4/KH2PO4 3 5 10 5

Taurine 20 20 20
Dithiothreitol 0.3 0.3 0.3

EGTA 0.4 0.5 0.4
Hepes 20 20 20

Glutamate 5 5 5 5
Malate 2 2 2 2
BSA 2 mg/ml 2 mg/ml 1 mg/ml 2 mg/ml
pH 7.1 7.1 7.1 7.1

Ionic strength 142 142 95 122
Osmolarity 288 323 330 301

Composition of the mammalian R-solution, KCl-solution (Oroboros, Austria), mitomed MiR05 (Oroboros, Austria) used for mammalian 
cardiomyocytes and the fish R-solution developed for the present study on permeabilized trout cardiomyocytes. All units are in mM except 
osmolarity, which is in mOsm.

Table 3: ADP-kinetics of respiration in permeabilized fibres in fish R-solution

Temp Creatine n V0 Vmax ACR KM ADP

10°C - 6 2.34 ± 0.21 24.85 ± 3.44 10.68 ± 1.22 783 ± 160
+ 6 2.01 ± 0.19 22.6 ± 3.83 11.03 ± 1.62 376 ± 55 *

15°C - 5 2.78 ± 0.32 29.13 ± 3.16 10.66 ± 1.01 579 ± 64
+ 5 2.51 ± 0.08 27.25 ± 2.22 10.96 ± 1.11 301 ± 42 *

20°C - 5 3.35 ± 0.07 28.06 ± 3.37 8.40 ± 1.05 293 ± 115
+ 5 3.37 ± 0.15 30.59 ± 1.83 9.10 ± 0.52 224 ± 42

Notation and statistical tests are as in Table 1. * denotes P < 0.05 significantly different in the presence of creatine. Temperature had a significant 
effect on V0 (P < 0.05 and P < 0.001 in the absence and presence of creatine, respectively) and KM ADP in the absence of creatine (P < 0.05).
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(compare in Fig. 3, note different scales on the y-axes). In
contrast to permeabilized fibers, permeabilized cardiomy-
ocytes had only one apparent KM ADP in the absence of cre-
atine. This apparent KM ADP was lower than in fibers and
similar at all temperatures. It was not lowered by creatine
and even showed a slight increase at 15°C. The fact that
creatine did not lower KM ADP was expected on the basis of
a previous study [22], and suggests that trout cardiomyo-
cytes do not have a mitochondrial CK, which is tightly
coupled to respiration. The discrepancy between fibers
and cardiomyocytes is discussed further below.

ADP-kinetics of respiration in isolated mitochondria
In order to make any conclusions about diffusion restric-
tions in trout cardiomyocytes, their apparent KM ADP

should be compared with that of isolated mitochondria.
The ADP-stimulated respiration kinetics of isolated mito-
chondria is shown in Table 5 and Fig. 3. In contrast to per-
meabilized cardiomyocytes, Vmax and ACR of isolated
mitochondria increased with temperature (Table 5). In
another study on rainbow trout skeletal oxidative muscle,
Vmax increased but ACR decreased with assay temperature
[39]. We are at present unable to explain the different tem-
perature dependence of Vmax and ACR in permeabilized
cardiomyocytes and isolated mitochondria. The main
finding is that the apparent KM ADP of isolated mitochon-
dria was about an order of magnitude lower than that of
permeabilized cardiomyocytes (compare in Fig. 3, note
different scales on the y-axes).

Apparent ADP-affinity in fibers, cardiomyocytes and mitochondriaFigure 3
Apparent ADP-affinity in fibers, cardiomyocytes and mitochondria. The apparent KM ADP of permeabilized fibers, per-
meabilized cardiomyocytes and isolated mitochondria as obtained by fitting the data with a single hyperbolic equation. All 
experiments were done at 10, 15 and 20°C, and experiments on fibers and cardiomyocytes were performed in the absence 
and presence of creatine as indicated below the columns. Notice the different scales on the y-axes.

Table 4: ADP-kinetics of respiration in permeabilized cardiomyocytes

Temp. Creatine n V0 Vmax ACR KM ADP

10°C - 7 4.34 ± 0.37 52.63 ± 6.02 12.09 ± 0.67 93 ± 10
+ 7 5.40 ± 0.38 ** 49.38 ± 4.70 9.11 ± 0.40 ** 88 ± 7

15°C - 8 5.79 ± 0.74 65.33 ± 5.95 12.64 ± 1.65 77 ± 5
+ 8 7.45 ± 0.55 * 63.99 ± 4.44 8.88 ± 0.78 * 86 ± 7 *

20°C - 7 5.58 ± 1.13 63.21 ± 10.02 12.34 ± 1.08 91 ± 8
+ 7 6.04 ± 0.86 58.21 ± 9.02 9.56 ± 0.42 89 ± 7

Notation and statistical tests are as in Table 1. * and ** denote P < 0.05 and P < 0.01, respectively, significantly different in the presence of creatine.
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Discussion
The main aim of this study was to verify that rainbow
trout cardiomyocytes have intracellular diffusion restric-
tions by comparing ADP-kinetics of mitochondrial respi-
ration in permeabilized fibers, permeabilized
cardiomyocytes and isolated mitochondria. The outcomes
were the following: First, isolated trout cardiomyocytes
hypercontracted in solutions designed for mammalian
preparations, so we had to develop a new "fish R-solu-
tion". Second, the discrepancy between fibers and cardio-
myocytes suggest that previous results on trout cardiac
fibers were affected by incomplete separation of the cells.
Third, despite the low density of intracellular membrane
structures in trout cardiomyocytes (Fig. 1), diffusion of
ADP from solution to the mitochondria in situ is
restricted. Fourth, trout cardiomyocytes seem to lack a
mitochondrial CK tightly coupled to respiration. The
present results on trout cardiomyocytes are very similar to
those from other low-performance hearts from for exam-
ple neonatal rats and rabbits [40,41].

A new intracellular solution for permeabilized trout 
cardiomyocytes
It was surprising that isolated cardiomyocytes hypercon-
tracted upon permeabilization in the "mammalian R-
solution" that seemed to work for fibers. Therefore, we
developed a new "fish R-solution". We were able to com-
pare these solutions on permeabilized fibers. They had a
better performance in terms of a lower V0 and higher ACR
at high temperatures in the fish R-solution than in the
mammalian R-solution (Tables 1 and 3, statistics are
given in the Results section). In the fish R-solution, iso-
lated cardiomyocytes maintained their morphology and
showed stable steady state respiration rates throughout
each experiment (Fig. 2). The addition of cytochrome c at
the end of the experiment did not increase respiration rate
showing that the outer mitochondrial membrane was
kept intact. Atractyloside brought respiration rate down to
the basal respiration rate recorded in the absence of ADP
showing that the inner mitochondrial membrane was also
intact (Fig. 2). Taken together, this validates our use of the
fish R-solution for permeabilized trout heart prepara-
tions.

Discrepancy between fibers and cardiomyocytes
Kongas et al. suggested that the high apparent KM ADP in
fibers may be due to incomplete separation of the cells,

which leads to larger diffusion distances [42]. Through the
window in the oxygraph chamber, we observed that fibers
tend to cluster on top of the magnetic stirrer during oxyg-
raphy measurements. This is avoided with permeabilized
cardiomyocytes, where all cells are completely separated,
and we observed them to be evenly distributed in the oxy-
graph solution. Incomplete separation of the cells is not a
problem in permeabilized fibers from rat heart, which
have the same apparent KM ADP as permeabilized cardio-
myocytes [6,43]. However, studies on trout fibers gave
paradoxical results inasmuch as creatine decreased the
apparent KM ADP [21,23], although there seemed to be no
mitochondrial CK tightly coupled to respiration [22].

The present experiments showed that KM ADP in trout fibers
is higher than in cardiomyocytes. It depends on tempera-
ture and is lowered by creatine, but this is not the case for
permeabilized cardiomyocytes. This discrepancy suggests
that results from trout fibers were affected by incomplete
separation of the cells. It is difficult to separate the cells
more in trout heart permeabilized fibers, because the tis-
sue is very soft and fragile compared to rat cardiac tissue.
We observed that a more thorough dissection led to
mechanically damaged fibers with unstable respiration
rates and a low ACR.

It has been questioned whether the high apparent KM ADP
in fibers could be caused by unstirred water layers imme-
diately adjacent to the surface of the fibers or cells [42].
From the same line of thought follows whether fibers
have a higher KM ADP than cardiomyocytes, because they
tend to cluster and thus have thicker unstirred layers than
cardiomyocytes. However, two observations from our
data strongly suggest that unstirred layers are not the main
cause of diffusion restriction. First, the apparent KM ADP
should increase with temperature, because metabolic rate
(Q10~2 [44]) would be more limited by diffusion speed
(Q10~1.3 [45]) at higher temperatures. In contrast, we
observe a decrease in KM ADP with temperature in fibers
(Fig. 3A) and no effect of temperature in cardiomyocytes
(Fig. 3B). Second, stimulation of cytosolic CK with creat-
ine would also have an effect in isolated cardiomyocytes.
In contrast, creatine only lowers KM ADP in fibers (Fig. 3A)
and not in cardiomyocytes (Fig. 3B). Thus, neither the
higher KM ADP in cardiomyocytes compared to isolated
mitochondria nor the higher KM ADP in fibers compared to
cardiomyocytes can be explained by unstirred layers.

Table 5: ADP-kinetics of respiration in isolated mitochondria

Temp. n V0 Vmax ACR KM ADP

10°C 6 11.29 ± 2.34 46.73 ± 12.22 4.05 ± 0.28 6.22 ± 0.99
15°C 6 12.33 ± 4.89 83.18 ± 18.28 7.0 ± 0.64 7.10 ± 0.55
20°C 6 16.75 ± 2.82 131.22 ± 17.29 8.03 ± 0.51 8.65 ± 1.46

Notation and statistical tests are as in Table 1. Vmax and ACR increased with temperature (P < 0.01 and P < 0.001, respectively).
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One possible explanation for the higher and temperature-
dependent KM ADP in fibers could be that perforated sarco-
lemma is still left to restrict ADP-diffusion between cells.
This may become stiffer at colder temperatures and restrict
ADP-diffusion more resulting in a higher KM ADP. This
would also explain why creatine lowers apparent KM ADP in
fibers but not cardiomyocytes. Diffusion across the barri-
ers formed by the sarcolemma in fibers is facilitated by
stimulation of cytosolic CK, whereas this is not the case in
permabilized cardiomyocytes. This hypothesis could be
confirmed by experiments using raster image correlation
spectroscopy (RICS) to study diffusion restriction. We
recently used this method to determine the diffusion of
fluorescent ATP in adult rat cardiomyocytes. Diffusion
was anisotropic, being 2 times slower in the longitudinal
direction and 3.5 times slower in the transverse direction
compared to solution [46]. However, this method only
gave information on the overall diffusion coefficients in
cells versus solution. It needs further development before
it can be used to distinguish diffusion coefficients in dif-
ferent cellular compartments and localize the additional
diffusion barriers in fibers compared to cardiomyocytes.
Although the exact cause of the discrepancy between fib-
ers and cardiomyocytes is not completely resolved, we
conclude that trout cardiac fibers, which have been used
in previous studies [21-23], do not give reliable informa-
tion about intracellular diffusion restrictions in trout car-
diomyocytes.

ADP diffusion restrictions and role of creatine kinase in 
rainbow trout cardiomyocytes
The apparent KM ADP of permeabilized trout cardiomyo-
cytes is independent of temperature and not lowered by
creatine. The KM ADP is ~80-90 μM, and this is about ten
times higher than of isolated mitochondria (Tables 4 and
5 and Fig. 3). Thus, diffusion of ADP from the medium to
the ANT in the inner mitochondrial membrane is
restricted. The present study does not give any precise
information as to the cause and localization of diffusion
restrictions. The magnitude of diffusion restriction in
terms of KM ADP is about three times smaller in trout than
in rat cardiomyocytes. Thus, t-tubules and SR may still
restrict diffusion in rat cardiomyocytes. From the present
experiments, we can only conclude that they are not the
only cause of diffusion restriction.

Our results suggest that trout heart lacks a mitochondrial
CK, because creatine does not lower the apparent KM ADP
(Table 4 and Fig. 3). This is in agreement with a previous
study [22]. Additionally, the positive charge of mitochon-
drial CK in rat heart seems to be a prerequisite for binding
to the inner mitochondrial membrane [9], but prelimi-
nary experiments with isoelectric focusing suggest that
trout heart does not express a positively charged CK iso-
form (R. Birkedal, unpublished observation). Further

experiments will be required to determine whether trout
heart expresses a mitochondrial CK. However, the expres-
sion of mitochondrial CK does not always correlate with
functional coupling to respiration [47]. In tissues such as
rat ventricle and oxidative skeletal muscle, where mito-
chondrial CK (Mi-CK) is tightly coupled to respiration
[48], diffusion restriction by the outer mitochondrial
membrane will enhance this coupling [49]. Indeed, math-
ematical modeling of data from rat heart suggests a mod-
erate restriction of diffusion by the outer mitochondrial
membrane and a stronger restriction of diffusion in the
cytosol, probably formed by SR together with crowding of
cytoplasmic proteins [50]. However, diffusion restriction
by the outer mitochondrial membrane seems unfavorable
in tissues that lack a tight coupling of mitochondrial CK
to respiration. This is the case for adult rat atrium, which
expresses Mi-CK [47,48], neonatal rat and rabbit ventricle,
which do not express Mi-CK [40], and according to the
present results also trout ventricle. More experiments and
development of a mathematical model for trout cardio-
myocytes are needed to quantify diffusion restriction by
the outer mitochondrial membrane and cytosolic factors,
but the present results argue against diffusion restriction
by the outer mitochondrial membrane in trout cardiomy-
ocytes.

Rainbow trout as a model animal to study diffusion 
restrictions in low-performance hearts
The magnitude of diffusion restriction and the impor-
tance of CK in cardiomyocytes seem to relate to metabo-
lism and cardiac mechanical performance. Recent studies
have addressed diffusion restriction and metabolic regula-
tion in beating and non-beating HL-1 cardiomyocytes in
culture derived from AT-1 mouse atrial tumor cells [51].
Both express cardiac isoforms of connexin, desmin and
several ion channels [52,53], but their morphology is
vastly different. The cells are flattened out against the two-
dimensional surface on which they are grown. Mitochon-
dria form a reticular network, which seems to have some
relation to the sarcomeres found in beating cells [52,54].
In non-beating cells, sarcomeres are absent [53]. Their
metabolic phenotype is glycolytic [55], and the apparent
KM ADP is low (~50 and 25 μM for beating and non-beating
cells, respectively) [54]. Indeed, the characteristics of cul-
tured cardiomyocytes are affected by contractile activity
and mechanical load [56], and it seems that for studies of
intracellular diffusion restrictions, they cannot yet replace
cardiomyocytes that are freshly isolated from working
hearts.

Rainbow trout cardiomyocytes seem to have a phenotype
that is intermediate between cultured cardiomyocytes and
adult mammalian ventricular myocytes. Interestingly,
they have these characteristics in common with cardiomy-
ocytes from other low-performance hearts, e.g. neonatal
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rats and rabbits. Their apparent KM ADP is close to 100 μM
and they lack Mi-CK coupled to respiration [40,41]. Com-
pared to adult mammalian cardiomyocytes, they show
greater hypoxia tolerance [57] and rely more on glycolytic
energy production [40,58], but less so than the cultured
cells. In addition, trout and neonatal rabbit cardiomyo-
cytes have similar morphology (compare Fig. 1 with
[59,60]) and possibly also excitation-contraction cou-
pling [61,62]. Thus, it seems that cardiomyocytes from
low-performance hearts are very similar independent of
species. It is likely that knowledge about the role of diffu-
sion restrictions and CK in trout cardiomyocytes can be
extrapolated to other low-performance hearts.

Conclusions
A new solution was developed for permeabilized trout
cardiomyocytes. The results suggest that previous data
from permeabilized trout heart fibers were affected by
incomplete separation of the cells. This seems to be spe-
cific for trout cardiac fibers. The higher apparent KM ADP in
fibers could be due to remains of sarcolemma between
cells in a fiber bundle. However, even in permeabilized
trout cardiomyocytes, which have a very small diameter
and low density of intracellular membrane structures, dif-
fusion of ADP from the surrounding medium to the ANT
in the inner mitochondrial membrane is restricted. Our
results exclude the hypothesis that the main cause of this
restriction is unstirred layers. Trout cardiomyocytes do not
have a mitochondrial CK coupled to respiration. This
argues against diffusion restriction by the outer mitochon-
drial membrane. Whereas it may be important in rat car-
diomyocytes, it is more likely that the diffusion
restrictions in trout cardiomyocytes reside in the cytosol.
The characteristics of rainbow trout heart are very similar
to those of other low-performance hearts such as neonatal
rat and rabbit hearts. Most probably, rainbow trout can be
used as a model animal to study further the localization
and physiological importance of intracellular diffusion
restrictions in low-performance hearts in general.

List of abbreviations
ACR: acceptor control ratio (= Vmax/V0); ADP: adenosine
diphosphate; ANT: adenine nucleotide translocase; ATP:
adenosine triphosphate; BSA: bovine serum albumin;
ICEU: intracellular energetic unit; KM ADP: mitochondrial
Michaelis Menten constant for ADP; mtCLIC: mitochon-
drial chloride intracellular channel; SR: sarcoplasmic
reticulum; SERCA: sarco-endoplasmic reticulum Ca2+-
ATPase; V0: basal respiration rate before addition of ADP;
Vmax: maximal respiration rate.
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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.

H508 COMPARTMENTATION OF GAMT�/� CARDIOMYOCYTES

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

91 Publication III



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.

H512 COMPARTMENTATION OF GAMT�/� CARDIOMYOCYTES

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

95 Publication III



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.
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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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Abstract

ADP is not only a key substrate for ATP generation, but also a potent inhibitor of mitochondrial permeability transition
pore (mPTP). In this study, we assessed how oxidative stress affects the potency of ADP as an mPTP inhibitor and
whether its reduction of reactive oxygen species (ROS) production might be involved. We determined quantitatively
the effects of ADP on mitochondrial Ca2+ retention capacity (CRC) until the induction of mPTP in normal and stressed
isolated cardiac mitochondria. We used two models of chronic oxidative stress (old and diabetic mice) and two
models of acute oxidative stress (ischemia reperfusion (IR) and tert-butyl hydroperoxide (t-BH)). In control
mitochondria, the CRC was 344 ± 32 nmol/mg protein. 500 μmol/L ADP increased CRC to 774 ± 65 nmol/mg protein.
This effect of ADP seemed to relate to its concentration as 50 μmol/L had a significantly smaller effect. Also,
oligomycin, which inhibits the conversion of ADP to ATP by F0F1ATPase, significantly increased the effect of 50
μmol/L ADP. Chronic oxidative stress did not affect CRC or the effect of 500 μmol/L ADP. After IR or t-BH exposure,
CRC was drastically reduced to 1 ± 0.2 and 32 ± 4 nmol/mg protein, respectively. Surprisingly, ADP increased the
CRC to 447 ± 105 and 514 ± 103 nmol/mg protein in IR and t-BH, respectively. Thus, it increased CRC by the same
amount as in control. In control mitochondria, ADP decreased both substrate and Ca2+-induced increase of ROS.
However, in t-BH mitochondria the effect of ADP on ROS was relatively small. We conclude that ADP potently
restores CRC capacity in severely stressed mitochondria. This effect is most likely not related to a reduction in ROS
production. As the effect of ADP relates to its concentration, increased ADP as occurs in the pathophysiological
situation may protect mitochondrial integrity and function.
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Introduction

Ca2+ and ADP are the two major regulators of mitochondrial
energy metabolism that function in coordination to keep the
balance between the energy demand and supply. In cardiac
muscle cells, during the excitation-contraction coupling, Ca2+

enters mitochondria to stimulate Krebs’ cycle. As such, the
nicotinamide adenine dinucleotide redox potential and ATP
synthesis required for cardiac workload are maintained [1].
Concomitantly, ADP generated by ATPases and kinases enters
the mitochondrial matrix via the adenine nucleotide translocase
(ANT) and stimulates ATP-production by F1F0-ATPase [2,3].
Therefore, both Ca2+ and ADP have a positive impact on ATP
generation under physiological conditions.

Ca2+ and ADP are also major modulators of mPTP [4–7]. But
here, they function oppositely. Physiologically, the mPTP may
open briefly, functioning as a mitochondrial Ca2+-release
channel [8]. Pathologically, mitochondrial Ca2+-overload
triggers irreversible opening of mPTP, which is a major cause
of cell death. ADP, on the contrary, is a potent inhibitor of
mPTP [6,7].

The molecular identity of mPTP is still unsolved. Two
hypotheses exist regarding the pore-forming component. Both
involve cyclophilin D (CypD) and ADP as regulators. CypD is a
peptidyl-prolyl cis-trans isomerase, which binds to several
proteins including ANT, the mitochondrial phosphate carrier
(mPiC) and F1F0 ATPase, and increases mPTP Ca2+-sensitivity
[9]. Irrespective of its exact site of action, it was shown that
cyclosporine A (CsA) binding to CypD inhibits mPTP opening
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by unmasking an inhibitory Pi-binding site [10]. Some suggest
that mPiC is the pore-forming component and mainly regulated
by CypD and ANT [11]. ANT in the “c” (cytosol) or “m” (matrix)
conformation increases or decreases mPTP Ca2+-sensitivity,
respectively. ADP decreases Ca2+-sensitivity, because its
binding shifts ANT to the “m” conformation [12]. Others suggest
that dimers of F1F0-ATPase are responsible for the formation of
mPTP [13]. CypD also binds and inhibits F1F0-ATPase activity
[14], and ADP is a potent inhibitor of the channel activity of
F0F1-ATPase dimers [13].

Until today, little is known about the effect of ADP on mPTP
in diseased mitochondria, which experience increased
oxidative stress, Ca2+-load, and energy deficiency. ADP-binding
to ANT is reduced by oxidative stress [15], which might reduce
the inhibiting effect of ADP on mPTP. In this paper, we wanted
to address the potency of ADP as an mPTP inhibitor in
diseased mitochondria with the hope to obtain clues about its
mechanism of action. As noted above, ADP may exert its
function by binding to either ANT or the F0F1-ATPase. But ADP
may also enhance Ca2+-sequestration in the form of Ca2+-
phosphate precipitates [16,17]. Furthermore, it may be
speculated that part of the ADP-effect on Ca2+-uptake capacity
is due to its reduction of ROS production [18]. Indeed, as the
substrate of F1F0-ATPase, which uses the electrochemical
energy stored in the proton gradient to produce ATP, ADP
should reduce ROS production.

In this study, we assessed at the level of isolated
mitochondria from mouse hearts how chronic and acute
oxidative stress affects the effect of ADP on CRC and ROS
production. As models of long-term oxidative stress, we used
old mice and diabetic mice. As models of acute oxidative
stress, we used IR and exposure to a low dose of t-BH.

Methods

Ethics Statement
All procedures were in accordance with the NIH Guide for

the Care and Use of Laboratory Animals and were approved by
an Institutional Animal Care and Use Committee (University
Committee on Animal Resources (UCAR) protocol 2010–030).

Animals and models of disease and oxidative stress
Control mice: 6-8 weeks old male C57BL6 mice (n=64).

Aging: 12-15-month old male C57BL6 mice (n=8). Diabetes: To
induce type I diabetes, 5 weeks old male C57BL6 mice (n=12)
were injected intraperitoneally with 150 mg/kg streptozotocin
dissolved in 0.1 mol/L sodium citrate buffer, pH 4, prepared
within 5 min of administration. Mice were given drinking water
supplemented with 7.5 % sucrose for 2.5 days to avoid severe
hyperglycemia. After 5 weeks the mice were diabetic and used
for experiments. Exposure to t-BH: Mitochondria from 6-8
weeks old C57BL6 male mice (n=44) were exposed to 5
µmol/L t-BH for 10 min before recording Ca2+-uptake or ROS
production. Ischemia-reperfusion injury: Male C57BL6 mice,
6-8 weeks old (n=20) were anesthetized with freshly prepared
Avertin (2,2,2-tribromoethanol, 0.5 mg/kg injected
intraperitoneally). Isolated hearts were retrogradely perfused in
Langendorff mode under constant flow (4 ml/min) with Krebs–

Henseleit buffer as in [19]. After 10 min of equilibration, hearts
were subjected to 15 min of global ischemia followed by 60 min
of reperfusion.

Unless otherwise stated, the mice were euthanized by CO2

inhalation and sacrificed by cervical dislocation.

Isolation of heart mitochondria
Mitochondria from 2-4 mouse hearts were isolated using the

protocol of Rehncrona et al with modifications [20]. The minced
heart tissue was subjected to protease treatment: it was
incubated with 5 mg nagarse dissolved in 10 ml medium A for 8
minutes at room temperature while gently stirring. The protease
reaction was stopped by adding 1 ml of 0.2 mg/ml of bovine
serum albumin dissolved in medium A. The tissue was then
homogenized with a Potter-Elvehjem homogenizer, and
mitochondria were isolated by differential centrifugation. The
final mitochondrial pellet was suspended in isolation medium B.

For mitochondrial ROS generation measurements,
mitochondria were Ca2+ depleted to minimize possible
signalling of Ca2+ on ROS generation [21]. This procedure
consisted of 15 min incubation at room temperature in Ca2+-
depletion buffer. The mitochondria were subsequently washed
several times in a Ca2+-depletion buffer without NaCl, EGTA
and succinate. The isolated mitochondria were kept on ice and
used within 4 hours. Protein concentration was determined by
the Lowry method using BSA as a standard.

Ca2+ uptake measurements with arsenazo III
Ca2+ uptake was measured with arsenazo III at room

temperature as a difference in absorbance at 662 nm and the
background at 692 nm using Beckman Coulter DU 800 UV-Vis
spectrophotometer (Beckman Coulter Inc., Brae, CA). Isolated
mitochondria (~1 mg/ml of mitochondrial protein) were added to
1 ml Ca2+-uptake buffer. The absorbance change upon Ca2+

addition was determined every 15 sec and followed for 30-70
min. Varying amounts of free Ca2+ were added every 2
minutes. Free Ca2+ concentrations were calculated using the
MaxChelator program (http://www.stanford.edu/~cpatton/
maxc.html).

Measurement of mitochondrial ROS production
Mitochondrial superoxide production was determined

indirectly by coupling the dismutation of superoxide to H2O2.
H2O2 was detected fluorimetrically using Amplex red (10-
acetyl-3,7-dihydroxyphenoxazine), which reacts with H2O2 in a
1:1 stochiometry in the presence of horseradish peroxidase
(HRP), producing highly fluorescent resorufin. For these
experiments, mitochondria (~0.5 mg/ml of mitochondrial
protein) were added to 2 ml ROS buffer. Fluorescence was
recorded at room temperature using a Cary Eclipse
fluorescence spectrophotometer (Varian Inc., Walnut Creek,
CA). The excitation wavelength was 563 nm and the emitted
fluorescence was detected at 587 nm. A calibration signal was
generated with known amounts of H2O2 at the end of each
experiment.
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Measurement of mitochondrial oxygen consumption
Mitochondrial oxygen consumption was measured at room

temperature using a Clark-type oxygen electrode from
Hansatech (PP Systems, Boston MA).The measurements were
carried out in 1 ml of respiration medium. The basal rate of
respiration (State 2) was initiated by the addition of 5 mmol/L
glutamate and 5 mmol/L malate as substrates. Maximal
respiration rate (State 3) was measured in the presence of 1
mmol/L ADP. Respiration rates were expressed as nmol O2

min-1 mg mitochondrial protein-1. The respiratory control index
(RCI) was calculated as RCI = State3/State2. At the end of
each experiment, 8 μmol/L cytochrome c and 30 μmol/L
atractyloside were added to test the intactness of the outer and
inner mitochondrial membrane, respectively.

Solutions
Krebs–Henseleit buffer for Langendorff perfusion and IR (in

mmol/L): 118 NaCl, 4.7 KCl, 1.2 MgSO4 , 24 NaHCO3 , 1.2
KH2PO4, 2.5 CaCl2 , 11 D-glucose.

For isolation of mitochondria, medium A contained (in
mmol/L): 225 mannitol, 70 sucrose, 1 EGTA and 10 HEPES,
pH 7.2. Medium B contained (in mmol/L): 225 mannitol, 70
sucrose, and 10 HEPES, pH 7.2.

Ca2+-depletion buffer contained (in mmol/L): 195 mannitol,
25 sucrose, 40 HEPES, 10 NaCl, 1 EGTA, 5 succinate, pH 7.2

For recording mitochondrial CRC, the Ca2+-uptake buffer
contained (in mmol/L): 120 KCl, 70 mannitol, 25 sucrose, 5
KH2PO4, 0.5 EGTA, 10 HEPES, pH 7.2 in the presence of 5
mmol/L malate and 5 mmol/L glutamate as substrates and 100
μmol/L arsenazo III.

For recording ROS production, the ROS buffer contained (in
mmol/L): 120 KCl, 70 mannitol, 25 sucrose, 5 KH2PO4, 0.5
EGTA, 10 HEPES, pH 7.2, 10 μmol/L Amplex® red, 1 U/ml
type II HRP, and 80 U/ml Cu/Zn superoxide dismutase.

For respiration experiments, respiration medium contained
(in mmol/L): 120 KCl, 70 mannitol, 25 sucrose, 5 KH2PO4, 3
MgCl2, 0.5 EGTA, 20 HEPES, pH 7.2.

Statistical analysis
All values are expressed as mean ± SEM. Data were

analysed by a nonparametric Mann–Whitney U test.
Differences were considered significant at P < 0.05.

Results

RCI of mitochondrial preparations
The quality of the mitochondrial preparations was controlled

by recording their respiration rate in the presence of substrates
alone, State 2, and after addition of 1 mmol/L ADP, State 3.
RCI was calculated as State 3/State 2. These values are
shown in Table 1. RCI in control mice was 7.6 ± 0.2, n=10. The
respiratory parameters were not different in diabetic mice. Old
mice had a lower State 2 (8.6 ± 0.8, P = 0.057, n=7) and State
3 (61.3 ± 6.7, P = 0.028, n=7), but RCI was the same as in
control (7.0 ± 0.4, P = 0.222, n=7). This may be attributed to a
fraction of the mitochondria having already undergone mPTP.
However, their CRC was the same as in control (see below).

The low concentration of t-BH (5 µmol/L for 10 min) does not
affect glutamate and malate-dependent respiration [22], and
this was confirmed in our recordings, where State 2 and 3 and
RCI was not significantly different from control. RCI was
significantly lower after IR (5.3 ± 0.6, P = 0.009, n=4),
consistent with an inhibition of electron transport chain
activities after severe stress.

The protective effect of ADP is specific to [ADP]
The inhibition of mPTP by ADP has been widely reported

including the seminal studies by Haworth and Hunter [23–25],
in which the mPTP phenomenon was discovered. When adding
ADP to the solution with isolated mitochondria in the presence
of substrates, the majority will be converted into ATP. After a
short period of time, an equilibrium between [ADP] and [ATP]
will be reached. Oligomycin inhibits the conversion of ADP into
ATP by F1F0-ATPase. Thus, [ADP] will be higher in the
presence of oligomycin. We addressed the question whether
the total amount of adenine nucleotides ([ADP] + [ATP]) or
[ADP] specifically is important for the inhibition of mPTP.
Figures 1A and B show representative traces of Ca2+-uptake
recordings. Figure 1C summarizes the mitochondrial Ca2+-
uptake capacity under various conditions as indicated below
each column. Ca2+-uptake capacity for control and 500 μmol/L
ADP was 344 ± 32 nmol/mg protein and 774 ± 65 nmol/mg
protein, respectively, confirming that ADP inhibited mPTP
potently. 1 mmol/L ATP and 10 mmol/L creatine, which
stimulate mitochondrial creatine kinase to generate ADP, had a
similar effect as 500 μmol/L ADP on Ca2+-uptake capacity (P =
0.432). A smaller dose of ADP, 50 μmol/L, had a significantly
smaller effect increasing CRC to only 458 ± 30 nmol/mg protein
(Figure 1C) (P = 0.003 compared to 500 μmol/L ADP; P =
0.013 compared to 1 mmol/L ATP and creatine). Inhibition of
the F1F0-ATPase with 5 μmol/L oligomycin had a negative
effect on Ca2+-uptake capacity, which decreased to
approximately 62% of control (P = 0.016, Figure 1C). However,
in the presence of oligomycin, 50 µmol/L ADP had a
significantly larger effect on CRC, which increased from 213 ±

Table 1. Respiration of isolated mouse heart mitochondria
from control mice and different models of chronic and acute
oxidative stress.

 n State 2 State 3 RCI
Control 10 13.1 ± 1.4 100.8 ± 12.0 7.6 ± 0.2

Aging 7 8.6 ± 0.8 61.3 ± 6.7* 7.0 ± 0.4

Diabetes 3 14.1 ± 2.8 83.8 ± 11.3 6.2 ± 0.9

IR 4 9.3 ± 1.1 48.8 ± 6.4 5.3 ± 0.6**

t-BH 3 9.3 ± 1.4 64.1 ± 8.6 6.9 ± 0.4

Basal respiration rate in the absence of ADP (State 2), respiration rate in the
presence of 1mmol/L ADP (State 3), and respiration control index (RCI = State 3/
State 2). Respiration rates are expressed as nmol O2 min-1 mg mitochondrial

protein-1. Number of experiments is given in column n. Results were compared by
a nonparametric Mann–Whitney U test. * and ** denote P < 0.05 and P < 0.01,
respectively, compared to control.
doi: 10.1371/journal.pone.0083214.t001
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17 nmol/mg protein to 536 ± 49 nmol/mg protein. Thus, [ADP]
is the most important inhibitor of mPTP.

Figure 1.  Ca2+-uptake capacity of isolated heart mitochondria from control mice.  A-B. Representative raw traces of the Ca2+-
uptake experiments. Mitochondria were incubated with Arsenazo III to follow extramitochondrial Ca2+ spectrophotometrically.
Consecutive pulses leading to an increase of 40 μmol/L free Ca2+ were added as indicated by arrow heads. The CRC was defined
as the concentration at which the mitochondria failed to accumulate more Ca2+ and mPTP opened to release all Ca2+ so far
accumulated by the mitochondria. A. Traces are shown with mitochondria from control mice, 6-8 weeks old, under control conditions
(no additions; black), in the presence of 500 µmol/L ADP (blue), 1 mmol/L ATP and 10 mmol/L creatine (Cr) (red), and 0.2 µmol/L
cyclosporine A (CsA) (turquoise). B. Representative raw traces of the Ca2+-uptake experiments in the presence of 5 µmol/L
oligomycin (green), 50 µmol/L ADP (orange), 5 µmol/L oligomycin and 50 µmol/L ADP (violet). C. Column diagrams of the averaged
results under the conditions indicated below. The amount of Ca2+ was normalized to the mitochondrial content (mg protein). All
values are mean ± SEM. * and ** denote significant difference P < 0.05, and P<0.01, respectively, between treatment and control.
The number of experiments is indicated below.
doi: 10.1371/journal.pone.0083214.g001
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ADP recovers mitochondrial Ca2+-uptake capacity after
acute oxidative stress

Figure 2 shows the CRC in the different models of oxidative
stress. Ca2+ was added consecutively to isolated mitochondria
until they reached their maximum uptake capacity, where
mPTP opened to release all Ca2+, causing an increase in
extramitochondrial Ca2+ as monitored by Arsenazo III
absorbance. Control mitochondria were able to sequester up to
10 pulses of 40 µmol/L free Ca2+ with a mean value of 344 ± 32
nmol/mg protein (Figure 1A and Figure 1C). We were surprised
to find that chronic oxidative stress did not affect the initial CRC
or the effect of ADP (Figure 2C-D). In contrast, acute oxidative
stress had an adverse effect on mitochondrial CRC by
facilitating mPTP opening. After IR or t-BH exposure, the first
addition of 40 µmol/L Ca2+ was able to trigger mPTP opening
(Figure 2B, red trace). Therefore, 0.2 µmol/L and 5 µmol/L Ca2+

additions were used for assessing mitochondrial CRC after IR
and t-BH treatments, respectively (Figure 2B). The CRC was
dramatically decreased to 1 ± 0.2 nmol/mg protein (IR) and 32
± 4 nmol/mg protein (t-BH) (Figure 2E-F).

CsA is a well-known inhibitor of CypD and protects against
ischemia-reperfusion damage at a concentration of 0.2 µmol/L
[26]. Indeed, this concentration of CsA increased CRC in all
models (Figure 2). 500 μmol/L ADP had a similar effect and
restored CRC to 447 ± 105 nmol/mg protein after IR and to 514
± 103 nmol/mg protein after t-BH exposure, respectively
(Figure 2E-F). The recovered CRC was not significantly
different from that of control mice in the absence of ADP (P =
0.109 for t-BH and P = 0.689 for IR, respectively, Figure 2E-F).
Thus, ADP is a potent inhibitor of mPTP – also in mitochondria,
which have been exposed to severe oxidative stress.

Similar effect of ADP irrespective of initial Ca2+-uptake
capacity

Figure 3 is a column diagram showing the effect of ADP –
i.e. how much does ADP increase CRC. It illustrates, as noted
above, that 50 µmol/L ADP increased CRC much more, when
F1F0-ATPase was inhibited by oligomycin (P = 0.008). But what
is in our opinion more remarkable, is the fact that although
CRC was drastically lowered by acute oxidative stress (IR and
t-BH) to the extent that mitochondrial Ca2+-buffering was almost
absent (Figure 2E-F), ADP exerted a similar effect as in
mitochondria from control mice. In control as well as all model
of oxidative stress, 500 µmol/L ADP increased CRC by
360-460 nmol/mg protein (Figure 3).

In mitochondria from control mice, the increase in Ca2+-
uptake capacity induced by 50 µmol/L ADP in the absence and
presence of oligomycin, and 500 µmol/L ADP alone and in the
presence of cyclosporine A (CsA) are shown as indicated. In
models of chronic and acute oxidative stress, the increase
induced by 500 µmol/L ADP is shown as indicated below the
columns. The increase induced by 500 µmol/L ADP is
remarkably consistent in control and the different models of
oxidative stress.

ADP attenuates ROS generation in control, but not after
exposure to t-BH

In addition to Ca2+, ROS are also potent activators of mPTP.
To determine whether ADP-mediated ROS decrease
contributes to the inhibition of mPTP, we measured ROS
production in the preparations. Amplex Red was used to record
ROS production with three consecutive steps: 1) mitochondria
alone, 2) after addition of substrates (glutamate and malate),
and 3) after the addition of one pulse of a submaximal Ca2+-
concentration to trigger partial opening of mPTP. The data on
ROS production in old and diabetic mice and after IR did not
give any new information. Therefore, we show only the results
from control and after t-BH exposure. Figure 4A shows original
traces of recordings from control mice and the results are
summarized in Figure 4C. As expected, ROS production
increased upon addition of substrates, as indicated by the
increase in the slope of Amplex Red fluorescence trace.
Addition of 250 μmol/L Ca2+ increased ROS production further
(Figure 4A and C, control). ADP or ATP and creatine, which
stimulate F1F0-ATPase to utilize the proton gradient, both
significantly abolished the substrate- and Ca2+-induced
increase in ROS generation (Figure 4C). CsA abolished mostly
the Ca2+-induced increase in ROS generation, but the net
effects were significantly smaller than those of ADP (Figure 4C,
P = 0.003 and P = 0.002 for substrate- and Ca2+-induced
increase in ROS generation, respectively).

In mitochondria exposed to t-BH, ROS-production was much
higher than in control (Figure 4B and D). Neither Ca2+ nor ADP
and CsA had a profound effect on ROS-production. This
implies that the ADP-induced increase in mitochondrial Ca2+-
uptake capacity is not related to a decrease in ROS-production
in mitochondria treated with t-BH.

Discussion

The most notable results from this study are that 1) ADP
increases CRC after IR and t-BH exposure to an extent that is
remarkably similar to that in control, and 2) the effect of ADP
on CRC in mitochondria exposed to t-BH is not the result of a
decreased ROS-production.

Inhibition of mPTP relates to the concentration of ADP
The main mechanism through which ADP decreases

mitochondrial Ca2+-sensitivity has been attributed to the binding
of ADP to ANT, which stabilizes the transporter in the m-state
and prevents pore opening [27]. It was demonstrated that ANT
is not a pore-forming component of the mPTP, as mPTP
opening is still triggered in mice lacking ANT1 and ANT2 [28].
However, the regulating role of ANT cannot be disputed, as
inhibition of ANT in different conformations by bongkrekic acid
or atractyloside has opposite effects on mitochondrial Ca2+-
sensitivity [4]. Haworth and Hunter proposed that ADP exerts
its effect by binding to an internal site as well as to ANT [23].
Recent studies suggest that either the mitochondrial phosphate
carrier or F1F0-ATPase could be one of the key components for
mPTP [13,14,29,30]. Both cases include a role for ADP [13,29].
In the latter case, ADP affects mPTP via direct binding to F0F1-
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Figure 2.  Ca2+-uptake capacity of isolated mouse heart mitochondria from different models of chronic and acute oxidative
stress.  A-B: Representative raw traces of the Ca2+-uptake from different models under control conditions. A. Control mice (black);
Aging (orange); Diabetes (violet). Pulses of 40 μmol/L free Ca2+ were added as indicated by arrow heads. B. Ischemia-reperfusion,
IR (green); exposure to 5 μmol/L tert-butyl hydroperoxide, t-BH, (blue). Pulses of 40 μmol/L (red), 0.2 μmol/L (green), and 5 μmol/L
(blue) free Ca2+ were added respectively as indicated by arrow heads. C-F: Column diagrams of the averaged results under the
conditions indicated below. The final concentrations of ADP and CsA are 500 μmol/L and 0.2 μmol/L, respectively. The amount of
Ca2+ was normalized to the mitochondrial content (mg protein). All values are mean ± SEM. * and ** denote significant difference P
< 0.05 and P < 0.01 respectively, between treatment and control within an animal group. # and ## denote significant difference P <
0.05 and P<0.01, respectively, between animal groups with similar treatment.
doi: 10.1371/journal.pone.0083214.g002
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ATPase. This, however, does not exclude an additional effect
via ADP-binding to ANT.

The present study showed that the effect of ADP on CRC
relates to its concentration. 500 μmol/L ADP had a signifcantly
larger effect than 50 μmol/L ADP (Figure 1). Also, 50 μmol/L
ADP had a significantly larger effect in the presence of
oligomycin to inhibit ADP-turnover by F1F0-ATPase (Figure 1B-
C). Thus, the effect of ADP is specific to [ADP] and not the total
concentration of adenine nucleotides.

It is noticed that oligomycin on its own has a negative effect
on mitochondrial Ca2+-uptake capacity (Figure 1B-C). The
mitochondrial membrane potential decreases as the
mitochondria take up a significant amout of Ca2+. It is
conceivable that in the absence of oligomycin, the mitochondria
will hydrolyze ATP to ADP in order to maintain their membrane
potential. However, oligomycin renders the mitochondria
unable to rescue their membrane potential, so that the critical
potential at which mPTP opens is reached at a lower Ca2+-
concentration.

Ca2+-sequestration has no significant effect on CRC
ADP can buffer Ca2+ by itself [31], and could have an

additional effect on mitochondrial Ca2+ buffering such as the
maintenance of high matrix Pi concentrations. It has been
shown that ATP-Mg2-/Pi2- and HADP2-/Pi2- can increase matrix
Ca2+ buffering via Ca2+-Pi precipitates and thus desensitize the
mPTP [32,33]. Mitochondrial Ca2+-sequestration is proportional
to the ADP-uptake [32]. If Ca2+-sequestration played a
significant role in the effect of ADP, we would expect that the
Ca2+-uptake capacity is increased more by 500 µmol/L ADP
than by 50 µmol/L ADP in the presence of oligomycin. Our
results suggest that this is not the case (Figures 1 and 3).

However, the role of Ca2+-sequestration should be studied
further by quantifying intra- and extramitochondrial total and
free [Ca2+] as mitochondria take up Ca2+ after successive Ca2+-
pulses.

Similar effect of ADP on CRC in all models of oxidative
stress

Oxidative stress has an unfavourable effect on mitochondrial
CRC [5]. We studied the effect of ADP on CRC in different
models of increased oxidative stress. Chronic oxidative stress
by aging and diabetes had no significant impact on CRC or the
effect of ADP. However, the acute oxidative damage caused by
IR and t-BH drastically lowered CRC to the extent that
mitochondrial Ca2+-uptake was almost absent. It is interesting
that ADP was able to restore this function (Figures 2E-F) and
with an effect that was similar to that in control (Figure 3). It
appears that irrespective of the healthiness of mitochondria, a
certain amount of ADP increases CRC by a certain amount.
This is interesting, because ADP-binding to ANT is reduced by
oxidative stress [15]. Therefore, our results suggest that
although ADP to some extent inhibits mPTP opening via
binding to ANT, significant inhibition also occurs by some other
mechanism.

ADP does not increase CRC via an effect on ROS-
production in mitochondria exposed to t-BH

In addition to Ca2+, ROS also effectively trigger mPTP
openings. One of the aims of this study was to see whether
ADP might affect mitochondrial CRC via ROS decrease in the
models of oxidative stress. In our study, we used Amplex red
and horseradish peroxidase as a H2O2 detection system. This
allowed us to use the efflux of H2O2 from mitochondria as a

Figure 3.  Increase in mitochondrial Ca2+-uptake capacity induced by ADP.  
doi: 10.1371/journal.pone.0083214.g003
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Figure 4.  Rate of ROS production in mitochondria from control mice and after t-BH exposure.  A-B: Representative raw
traces of the ROS-recordings. The rate of hydrogen peroxide (H2O2) production was followed spectrofluorometrically by its reaction
with Amplex Red in the presence of horseradish peroxidase. The rate of ROS production was recorded in three consecutive steps:
After addition of mitochondria alone, after addition of substrates (5 mM glutamate and 5 mM malate) and after addition of one
submaximal dose of Ca2+. Traces are shown under control conditions (no additions; black), in the presence of 500 µmol/L ADP
(blue), 0.2 µmol/L CsA (green), and 1mmol/L ATP + 10 mmol/L creatine (Cr) (red). A: control mice; B: after exposure to 5 μmol/L t-
BH. C-D: Column diagrams of the averaged results under the conditions indicated below each column. Steady-state H2O2

production was recorded in the mitochondria alone (rate between 1-3 min; white columns), after addition of substrates (rate between
6.5-8.5 min; light grey columns), and after addition Ca2+ (rate between 11-15 min; dark grey columns). Treatments within each group
are indicated below the columns. All values are mean ± SEM. † and †† denote significant effect of substrates and/or Ca2+, P < 0.05,
P < 0.01 respectively. *, ** denote significant difference P < 0.05, and P < 0.01, respectively, between control and different
treatments within the group. #and ## denote significant difference (P < 0.05 and P<0.01, respectively) between control and t-BH with
the same treatment. The number of experiments is indicated below.
doi: 10.1371/journal.pone.0083214.g004
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measure of net superoxide production in the matrix. Under
physiological conditions, the production of ROS and their
consumption in the form of H2O2 is finely tuned. ROS are
mainly produced as superoxide by complexes I and III in the
mitochondrial electron transport chain [34]. Superoxide is
dismutated to H2O2 by manganese superoxide dismutase
(MnSOD) in the mitochondrial matrix and copper/zinc
superoxide dismutase (Cu/ZnSOD) in the mitochondrial
intermembrane space and cytosol. The resulting H2O2 can
easily diffuse across membranes to be detected by the assay.
However, H2O2 can also be consumed by matrix enzymes, e.g.
glutathione peroxidases, and cause an underestimate of
superoxide production by competing with the efflux of H2O2

[35]. By a series of redox reactions, H2O2 is converted to H2O,
while glutathione (GSH) is oxidized to glutathione disulfide
(GSSG). GSSG is reduced back to GSH by the oxidation of
pyridine nucleotides (NADH/NADPH). The GSH/GSSG ratio
provides an estimate of cellular redox buffering capacity, thus
playing a key role in maintaining redox homeostasis [36].

ADP can regulate mitochondrial ROS production through
complexes I and III, as well as general redox state of the
mitochondrial matrix (NADH/NADPH, GSH) via oxidative
phosphorylation. Indeed, the addition of ADP caused a
decrease in H2O2 export from control mitochondria (Figure 4A
and C). However, in t-BH treated mitochondria the fine tuning
of ROS production and consumption by ADP in mitochondria is
disturbed (Figure 4B-D). t-BH treatment induces the oxidation
of pyridine nucleotides [37] and GSH [38]. GSSG is not
exported from the mitochondria [39] and increased GSSG
formation may decrease the activity of mitochondrial redox-
sensitive proteins [40–46]. As a result, H2O2 export is increased
in t-BH mitochondria (Figure 4B-D). Although ADP does reduce
ROS, it is not able to bring it down to control level (Figure 4D).
Thus, the t-BH results demonstrate that ADP regulates
mitochondrial CRC not only via ROS reduction, but via some
other mechanisms as well.

Conclusion

ADP is well known to desensitize the mPTP to
intramitochondrial Ca2+, so that the mitochondria can take up

more Ca2+, before opening of mPTP is triggered. In the present
study, we found that ADP had the same effect in severely
stressed mitochondria as in control. This suggests that ADP, in
addition to its regulation via ANT, exerts significant regulation
of mPTP via some other mechanism. Although ADP decreases
ROS production in control mitochondria, its effect is minor in t-
BH-treated mitochondria. Therefore, we conclude that at least
in some cases e.g. t-BH treatment, the ADP-induced increase
in mitochondrial Ca2+-uptake capacity is not related to a
reduction in ROS. It is likely that significant regulation by ADP
occurs via its internal binding site (reported in [23]), which
could be on F1F0-ATPase [29].

From a more integrated point of view, it is very interesting
that ADP is as potent an inhibitor of mPTP in severely
stresssed mitochondria, and that its effect relates to the
concentration. Namely, ADP concentrations increase in the
diseased state due to less efficienct ATP production,
depolarized mitochondrial membrane potential, Ca2+ overload,
and a smaller pH gradient [47–49]. It is plausible that this
increase in ADP concentration could protect against opening of
mPTP and thus delay the injury and death of cells. This
function of ADP as a regulator of mitochondrial ATP
production, Ca2+ homeostasis, and ROS generation is shown
schematically in Figure 5. Under physiological conditions, it
serves as a substrate for ATP synthesis while ensuring the
closure of mPTP and modest ROS generation. Under
pathological conditions like IR injury, when the mitochondria
are most vulnerable for mPTP opening, ADP can effectively
delay mPTP opening so that mitochondrial membrane integrity
can be preserved to maintain energy production. The ability of
ADP to serve multiple roles as a potent mPTP blocker, a
substrate for catalysing ATP generation, and an inhibitor for
ROS generation, makes it a unique molecule to preserve
mitochondrial function under pathophysiological conditions.
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Figure 5.  ADP is a master regulator of mitochondrial ATP production, Ca2+ homeostasis, and ROS generation.  Under
physiological conditions, optimal ADP concentrations in mitochondrial matrix serve effectively to maximize ATP generation while
minimizing ROS. ROS production via ETC and annihilation via matrix scavenger systems (gluthatione/thioredoxin) is finely
balanced. Under pathological conditions, mitochondrial Ca2+ and ROS increase, stimulate excessive mPTP opening and thus the
signaling pathway for injury. These detrimental effects are countered by a concomitant increase in ADP, which allows the
mitochondria to endure a larger load of Ca2+ and ROS, maintaining mitochondrial integrity and function when it is most critical.
ANTm – ANT in the “m”-conformation; ANTc – ANT in the “c”-conformation; CL - cardiolipin; CypD – cyclophilin D; ETC – electron
transport chain; GR – glutathione reductase; GRx – glutathione peroxidase; GSH – reduced glutathione; GSSG – oxidized
glutathione; MCCs – mitochondrial calcium channels; MnSOD – manganese superoxide dismutase; mPTP – mitochondrial
permeability transition pore; Prx3 – peroxiredoxin 3; ROS – reactive oxygen species, TCA – tricarboxylic acid cycle;  Trx2red -
reduced thioredoxin 2; Trx2ox – oxidized thioredoxin 2; TrxR2 – thioredoxin reductase 2.
doi: 10.1371/journal.pone.0083214.g005
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