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SUMMARY

THE AIM OF THIS DISSERTATION is to study diffusion restrictions in the energetic
pathways of heart muscle cells. For that interdisciplinary approach that com-
bines experimental measurements and mathematical modeling, was used. Specif-
ically, kinetic analysis is applied to rat heart cells whereas experimental data is
systematically collected from relaxed cardiomyocytes at cell population level. The
results confirm significant diffusion restrictions on mitochondrial outer membrane
and demonstrate the existence of diffusion obstacles in cytosolic compartment. The
conclusion that diffusion restrictions indeed have intracellular origin, is in accor-
dance with single cell kinetics studies leading to stronger evidence against theories
explaining these results with probable experimental artifacts.

The work revealed existence of coupling between a fraction of ATPases and en-
dogenous pyruvate kinase (PKend). This finding evoked a new course in the re-
search project — the renewed target was to establish which of the cellular ATPases
are linked to endogenous PK. The role of two membrane ATPases — sarcoplasmic
reticulum Ca?* ATPase (SERCA) and sarcolemma Na */K* ATPase (NKA), was inves-
tigated. The results showed minor role of SERCA in our preparation. NKA however,
evidenced to makes up to about 45 % of the total ATPase activity in our conditions,
was shown to be strongly coupled to glycolysis via pyruvate kinase (PK).

The developed kinetic approach was applied on different animal models. Math-
ematical models were used to compare the compartmentalization of cellular en-
ergetics in wild-type mice and in transgenic mice lacking the GAMT enzyme that
produces creatine. The analysis showed no difference in energetic compartmental-
ization and mitochondrial functioning between GAMT-deficient and wild-type mice.
No major structural adaptations were identified in mice with effectively inactive CK
system. This is contrary to wide acknowledgment of the importance of CK shuttle
in energy transfer.

This thesis demonstrates intracellular compartmentation in rat cardiomyocytes
revealing that in this strongly compartmentalized environment a fraction of ATPases
have preference over energy production routes — glycolysis or oxydative phospho-
rylation. Thus proving the importance of glycolysis even in highly oxydative tissue
such as heart muscle. The main result of this dissertation is an interdisciplinary
method and its application to unravel intracellular compartmentation in heart that
widens our understanding in energy transfer of this organ.
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KOKKUVOTE

KAESOLEVA VAITEKIRJA EESMARK on difusioonitakistuste hindamine siidamelihas-
rakus, kasutades kineetilisi mo6tmisi. To6 késitleb raku bioenergeetikaga seon-
duvat isoleeritud permeabiliseeritud kardiomiiotsiiidis. Et uurida energeetiliselt
oluliste metaboliitide uurides ATP ning uurides ADP rakusisest liikumist, kasutati
interdistsiplinaarset lahenemist, mis kombineerib matemaatilist modelleerimist er-
inevate eksperimentaalsete meetoditega. Koostati raku protsesse erineva struktu-
urse keerukusega kirjeldavad matemaatilised mudelid, teostati kineetilised mo6t-
mised rahuolekus kardiomtiotsiiitidel ning analiiisiti saadud katseandmeid loodud
matemaatiliste mudelitega. Selle tulemusena avastati, et kasutatavas rakupreparaa-
dis on sailinud arvestatav endogeense piiruvaatkinaasi (PKend) aktiivsus ja et teatav
osa rakusisestest ATPaasidest on sellega funktsionaalselt seostatud. Selle leiu tule-
musena sai uueks eesmargiks teha kindlaks, millised sidameraku ATPaasidest selles
seostatuses osalevad. Erinevate ATPaaside rolli hindamiseks uuriti kahe erineva
ATPaasi rolli siidamelihasraku energeetikas: sarkoplasmaatilisel retiikulumil aset-
seva kaltsiumi ATPaasi (SERCA) ning rakumembraanil asetseva Na+/K + ATPaasi
(NKA). Leiti, et rahuolekus rakkudes onuurides SERCA osakaal iildises energeetikas
minimaalne ning vaadeldavas olukorras ta rolli ei méngi. Seevastu, uurides NKA
rolli, leiti, et tema osakaal iildises ATPaaside t66s antud tingimustel on ca 45%, ning
tdiendavalt teostati kogu kineetiliste mootmiste katseseeria ja analiisiti andmeid
matemaatiliste mudelitega. Tulemusena leiti, et uurides NKA on seotud endogeense
puruvaatkinaasi kaudu gliikoliiiisiga.

Loodud matemaatilised mudelid kirjeldavad protsesse ithes nn néidisrakus, samas
katsed sooritatakse rakupopulatsioonil. Uurimaks, kas populatsioonikatsete tule-
mused voib iile kanda thele rakule, hinnati ADP kineetikat tihe raku tasandil, ka-
sutades mitokondriaalse autofluorestsentsi mootmisi. Analiiiisides tulemusi mate-
maatilise mudeli kaasabil, naidati, et difusioonitakistused on tdepoolest rakusisene
nahtus ning pole pohjustatud rakukogumi preparaadipohistest isedrasustest.

Lisaks roti siidameraku uurimisele on antud t66 raames uuritud siidameraku
energeetikat ka hiirtes. Kasutades viljato6tatud matemaatilisi mudeleid, vorreldi ki-
neetikat metsiktiiiipi loomades ning transgeensetes uurides GAMT-puudulikkusega
loomades, kellel puudub siidamelihasraku energeetika jaoks olulise metaboliidi —
kreatiini tootmist kataliiseeriv ensiiim. Tulemusena selgus, et vastupidiselt seni
kreatiinkinaasi iilekande olulisust rohutanud seisukohale ei erine rakuenergeetika
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rahuolekus rakkude puhul metsiktiiiipi loomades ning neis, kellel kreatiinkinaasi
slisteem on parsitud.

To6 tulemusena leiti, et tugevalt kompartmentaliseeritud keskkonnas eelistavad
teatud osa ATPaase glitkoliitiliselt toodetud ATP-d oksiidatiivse fosforiileerimise
tulemusena saadud ATP-le, mis néitab, et gliikoliitis méngib olulist rolli ka oksii-
datiivses lihases.

Doktorit66 pohitulemus on interdistsiplinaarne meetod rakusisese kompartmen-
tatsiooni uurmiseks, mille rakendamine annab lisateavet elutidhtsa organi — stidame
energeetiliste protsesside kohta.
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PREFACE

THIS DISSERTATION INTRODUCES my doctoral work, presents the main procedures,
and highlighting the main results. The main focus is to investigate compart-
mentation in cardiac energetics, quantify the extent of intracellular diffusion re-
strictions, and determine the location in subsarcolemmal space using indirect ki-
netic measurements together with mathematical modeling.

Upon entering the field of cardiac bioenergetics I was a novice to experimental
biology being previously involved in the theoretical world of solitons in my bache-
lor and master studies, with practically no exposure to experimental work. My first
steps into the realm of experimental biology was supervised by Dr. Rikke Birkedal
and I was introduced to the world of animal research at the bioenergetics laboratory
within the National Institute of Chemical Physics under the guidance of Prof.Tuuli
Kaambre. Her lab members, Dr. Kersti Tepp and Dr. Natalja Timohhina, supervised
my first experiments.

The first stage of experiments was promised to be quite straight forward - re-
peating the experiments previously performed on skinned fibers on isolated car-
diomyocytes. However the results of this study were quite intriguing proving that
interesting new knowledge can come from places thought to be quite thoroughly
investigated when experimental results are analysed with mathematical models.
Results of this project are presented in Publication 1.

As the experimental prowess of our newly formed lab widened, it became evi-
dent that we cannot efficiently accomplish our research goals without our own ba-
sic laboratory facilities. To breach that gap a project was initiated to obtain funding
from an EU Regional Development Fund administered by the Archimedes Founda-
tion to set up a laboratory to perform basic biochemical experiments on cells har-
vested from animals. Because my work largely depends on experimental studies,
I was tasked with filling out the necessary paperwork to obtain funding and ap-
propriate licenses. Performing administrative duties, procuring the new lab equip-
ment, and developing procedures for its operation were performed with minimal
delay and disruption to the ongoing experimental schedules in the first laboratory
at KBFI. Although not directly academic, participating in building a laboratory
from scratch is a valuable experience.

The cardiomyocytes used in Publication II and Publication IV were isolated in

our new lab.
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INTRODUCTION

THIS DOCTORAL WORK FOCUSES on the subject of energy metabolism in cardiac
cells and how the utilization and regeneration of phosphorylated metabolites
is influenced by intracellular compartmentalization and diffusion restrictions. The
concentrations of phosphorylated metabolites that participate in intracellular en-
ergy metabolism can be used as an indicator of mortality in patients with dilated
cardiomyopathy [Neubauer, 2007]. Understanding the coupling of these metabolic
functions and how the heart adapts its energetics to outside stimuli has direct clin-
ically relevant implications in designing targeted metabolic interventions [Taegt-
meyer, 2000; Taegtmeyer et al., 2005]. Thus understanding the layout of energetic
processes could possibly translate into creating physiologically important medical
solutions.

The heart can recycle phosphorylated metabolites using various metabolic path-
ways, both aerobically and anaerobically. These pathways oxidize fatty acids, glu-
cose, lactate, and other substrates [Taegtmeyer, 2000]. The key task of the cells stud-
ied in this doctoral work are to match the production of phosphorylated metabolites
with their consumption using a minimal reserve pool for metabolite storage. This
task is further complicated by spatial separation of the main production site — mi-
tochondria — from the main consumption site — contractile fibrils.

Cardiomyocyte architecture is highly structured. In addition to morphologically
evident subcellular organization, the processes of energy metabolism also exhibit
compartmentalization. Compartmentalization organizes the production and con-
sumption processes in the heart into energetic units to optimize signaling and feed-
back while minimizing the effects of a sudden changes in energetic requirements
in a way that ensures the long-term sustainability of energy production [Neubauer,
2007]. Cardiac and skeletal muscles contain a specialized creatine kinase (CK) en-
ergy transfer system that can mediate the transfer of energy in the form of phos-
phoryl groups between mitochondria and myofibrils [Saks et al., 2006; Wallimann
et al., 1992]. The transfer of phosphorylated metabolites in heart cells is a combina-
tion of many different processes, the interplay of which remains largely unknown.
This functional compartmentalization of the processes requires dynamic monitor-
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INTRODUCTION

ing of many concurrent events that are spatially separated, and thus requires differ-
ent methods of analyzing these changes. While it is possible to study the molecular
components individually, it becomes increasingly difficult to apply this approach to
study the interactions of a dynamic system with concurrent and coupled processes
while extracting meaningful and unambiguous insight. The methods of systems bi-
ology are being increasingly applied to study the myriad of coupled processes in
biological systems through a process of mathematically formulating the processes
and combining them into a broad descriptive system that can be used to gain quan-
titative insight.

Strong functional interplay between mitochondria and surrounding ATPases has
been demonstrated in mammalian heart cardiomyocytes [Hoerter et al., 1991; Kaasik
et al., 2001; Saks et al., 2001; Seppet et al., 2001b] and in morphologically very dif-
ferent ectothermic vertebrates [Birkedal and Gesser, 2004; Sokolova et al., 2009].
Some aspects of this functional interplay is made possible by the existence of lo-
calized diffusion restrictions [Saks et al., 2003; Vendelin et al., 2004a]. The appar-
ent magnitude of these diffusion restrictions depends on various physiological and
pathological conditions including the stage of development, workload, and meta-
bolic state. Cultured cardiomyocytes, that do not contract against workload and
depend more on glycolytic than on aerobic metabolism, have been identified that
have no diffusion restrictions [Anmann et al., 2006] suggesting that the magnitude
of diffusion restrictions is closely related to cardiac mechanical performance and
aerobic capacity.

The first indications of diffusion restrictions came from studies comparing affin-
ity of oxydative phosphorylation (Ox Phos) to adenosine diphosphate (ADP) in skinned
fibers or cells and in isolated mitochondria [Kummel, 1988; Veksler et al., 1987]. It
was found that the sensitivity of Ox Phos to ADP was an order of magnitude higher in
mitochondria than in skinned fibers, indicating that the cytoskeleton must restrict
the diffusion of ADP to mitochondria. Additional proof of obstructions in the path
of ADP came when PK and phosphoenolpyruvate (PEP) system, that draws away
ADP otherwise available for mitochondria, was found to be much less active than
would be predicted on the basis of mitochondrial and PK+PEP activities and kinet-
ics [Saks et al., 2001; Seppet et al., 2001a]. Functional linking between mitochon-
dria and enzymes catalysing adenosine triphosphate (ATP) decomposition (ATPase)
on sarcoplasmic reticulum (SR) that is caused by diffusion restrictions was also re-
ported by Kaasik et al. [2001].

Diffusion restrictions were shown to be present without any structural candidate
to impose such an obstruction [Kaasik et al., 2001; Saks et al., 2003; Seppet et al.,
2004; Vendelin et al., 2004b]. It is counter intuitive that restricting the movement
of phosphorylated metabolites could be beneficial for the cardiac cell, however, the
importance of this compartmentalization is suggested by the observation that a

18



INTRODUCTION

reduction in diffusion restrictions occurs under pathological conditions and in is-
chemic cells [Kay et al., 1997a,c]. The physiological role of diffusion restrictions in
heart muscle cells is not clear, however the research summarized above implies that
they play an important role in cellular energy transfer regulation.

The general aim of this doctoral work is to gain insight into the role that diffu-
sion restrictions play in the cardiac cell using kinetic measurements. A combination
of mathematical modeling and experimental work is applied to quantify diffusion
restrictions indirectly via measurements of cellular respiration and various ATPase
activities. A complete set of kinetic measurements was performed on cells in a rest-
ing state in cases where cellular metabolism is unmodified and when it is altered
by inhibition of ATPase’s. Several mathematical models were constructed, each with
a different possible arrangement of intracellular compartmentalization. These mod-
els were used to analyze experimental data obtained from rat, wild type mouse
cardiomyocytes, and transgenic mouse cardiomyocytes. In addition, the modeling
process revealed that the origin of diffusion restrictions is indeed intracellular and
is not caused by experimental artifacts such as the clumping of cells that increases
diffusion distances.

When designing the mathematical models, we started with the established com-
partmentation of intracellular environment in the heart muscle. That model was
continuously compared with experimental findings and modified to fit new hy-
potheses. In the end seven different models were used: four main models with
different morphology, plus modifications of three of these with different kinetic
parameters. The desing of both mathematical and experimental work is described
in Chapter 2. In the remaining chapters of this dissertation the results of the work
are summarized in Chapter 3 and the main conclusions are drawn in Chapter 4.
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OVERALL DESIGN

To STUDY THE DISTRIBUTION of diffusion restrictions in a heart cell a combination
of experimental and theoretical approaches were used. Indications about the
existence of diffusion restrictions originated from studies on skinned fibers rather
than isolated cells: [Kummel, 1988; Saks et al., 2001, 1993; Veksler et al., 1987]. Com-
bination of kinetic studies on permeabilized heart muscle fibers with their analysis
by mathematical models is a promising approach that demonstrated existence of
intracellular diffusion restrictions grouping ATPase’s and mitochondria [Saks et al.,
1998a, 2003, 2000; Vendelin et al., 2004b]. Here, the same approach has been de-
veloped further by applying it to much more homogeneous preparation - isolated
cardiomyocytes - and designing a set of experiments that probe different aspects
of intracellular compartmentalization. Although various experiments had been per-
formed on isolated muscle cells [Kay et al., 1997b; Saks et al., 1998b], a complete
experimental study that combines measurements of ADP and ATP kinetics and how
the processes are affected by PK+PEP together with the buildup of metabolites in so-
lution, had not been completed prior to this work. The aim of this doctoral project
was gather this complete set of data and analyze it using mathematical models.

2.1 EXPERIMENTS

A set of kinetic experiments was designed to systematically study the intracellular
compartmentalization. The goal was to obtain a complete view of cellular energy
transfer by monitoring ATP production via cellular respiration and ATP consump-
tion via cytosolic enzymatic activity and to use this body of data as an input to
mathematical models. The considered processes in the cell are depicted in Fig.1.
ATP is generated in mitochondria and consumed by ATPase’s, ADP generated either
by ATPase’s or added exogenously enters mitochondria to be rephosphorylated to
ATP. In addition to mitochondrial Ox Phos, ADP is also used in PKend and PK reac-
tions. The experimental setup consisted of the following experiments:
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Figure 1 — Schematic representation of mathematical model describing intracellular metabolite
kinetics in permeabilized rat cardiomyocytes.

1. Dependence of mitochondrial respiration on stepwise increase in ATP concen-
tration,

2. Dependence of mitochondrial respiration on stepwise increase in ADP con-
centration,

3. Effect of ADP regeneration by PKend: respiration initiated by 2mM ATP and
consecutive inhibition by 5mM PEP and 20IU PK,

4. Spectrophotometric measurement of ATPase activity in the absence of mito-
chondrial respiration,

5. Spectrophotometric measurement of endogenous PK activity.

For the control case we quantified the buildup of ADP in the solution over time
using high-performance liquid chromatography in the presence and absence of mi-
tochondrial respiration. A detailed description of the experimental protocols used
are given in Publication I. The solution volumes in the models were taken from
the experimental setup, and vary between different experiment types listed. The
experiments reflect the behavior of cell populations. In the models, we describe the
distribution of metabolites in one representative cell.
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2.2 MODELING

2.2 MODELING

The models developed in this work calculate the rate at which products are created
from substrates during the regeneration and transfer of phosphorylated metabolites
within cardiac cells. Specifically, we focus on the reactions involving ATP and ADP
generation and consumption. The purpose was to develop a set of model equations
that mimic the reactions involving these two metabolites that also correspond to
the experiments introduced above. Note that the models developed are unable to
differentiate between the various ATPpases, and do not take into account the geom-
etry of organelles. These models provide general insight about the distribution of
the diffusion restrictions and energetic properties of the cell before tackling these
problems in 3D, which is a more tedious process [Ramay and Vendelin, 2009].

Four different models of varying intracellular complexity are used to reproduce
the experimental data. The models are described briefly below, for detailed infor-
mation see Supporting Material of Publication I. In each of the models, the cellular
space was divided into three compartments: cytosol, solution, and mitochondrial
intermembrane space (IMS), in models 3 and 4 a fourth compartment C4 was added
into the cytosol. It should be noted that the fourth compartment is a phenomeno-
logical inclusion to group functionally coupled processes and does not correspond
directly to an organelle. The volume of mitochondrial matrix was assumed to be
33% of the cell volume, IMS was 1% of the cell volume, with the volume of cytosolic
compartment occupying the rest.

All compartments are separated from each other by diffusion restrictions includ-
ing the connection between solution and cytosolic compartment. The model solu-
tions were obtained in the form of average concentration within the different com-
partments in the cell. The concentrations and the rates of reactions are determined
by relative activities of the enzymes and extent of diffusion restrictions.

Each model provides an estimation of the overall diffusion restriction between
the intracellular environment and extracellular solution, as well as restrictions be-
tween ATPases and mitochondria according to the model architecture. It is assumed
that the diffusion restrictions imposed on ADP and ATP are the same.

2.2.1 Model 1-2

In the mathematical modeling setup, scheme shown in Fig.2, the intracellular space
was divided into three major compartments according to where the reactions (noted
by curved arrows) occur: IMS - ATP synthase (note that this is phenomenological de-
scription of the generation omitting the detailed view of matrix respiratory chain
reactions); and cytosol - ATPases . The solution surrounding the cell was defined as

23



OVERALL DESIGN

an additional compartment where PK reaction occurs and through which metabo-
lites ATP and ADP are introduced. The movement of ATP and ADP between these
compartments and how they affect the diffusion was estimated.

PEP+ADP [pk > ATP+pyr

E ADP+Pi  PEP+ADP
i >

| ATP ATP+pyr

uonn|os

wn
o
PEP+ADP [pk’ > ATP+pyr =
=
>

ADP+Pi
>

T958d 1\

|0S01AD
|0S01AD

Figure 2 — Schemes of models 1 and 2.

For model 1 and 2 the fluxes of metabolites induced by diffusion between those

compartments are

Jarr = Csol—cyt(ATPso — ATPeyt0)

Joatr = Cmom(ATPeyto — ATPpvis) 2.1)
Japp = Csolcyt(ADPgor — ADPeyto)

Joabp = Cmom(ADPeyto — ADPpvs),

where Cgo1—cyt is the exchange coefficients between the solution and cytosol, and
CMmom is the exchange coefficient between the cytosol and IMS, noted by double
headed arrows in Fig.2.

In addition to diffusion across compartments the reactions in model 1, also shown
by curved arrows, are: ATP synthesis in mitochondria by Ox Phos (rate: Vatpsyn), ATP
consumption by ATPases in the cytosol (rate: Vatpgser); and the synthesis of ATP
by the PK reaction in solution (rate: Vpy).

For simplicity, the rates of reactions occurring in different compartments are
given using a phenomenological description. The rate at which ATP is produced by

mitochondria:

VmaxATPsyn : ADPIMS (2 2)

V — 5
ATPY™ = ADPws + KmATPsyn
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2.2 MODELING

where the Ky a1psyn Was taken equal to 0.015 mM [Saks et al., 1994] in all models.
In the cytosol ATP consumption by ATPases is assumed to be competitively inhibited
by ADP:

VmaxATPase1 : ATPcyto

. (2.3)
ADPcyto
ATPcyto + KmATPase1 (1 + » )

vATPase1 =

KiaTPasel

The exogenous PK reaction is assumed to depend only on the concentration of

ADP:
Vo = VinaxpK - ADPSOI' (2.4)
ADPgo1 + Kpk

Here, a dependence of the PK rate on PEP is not taken into account explicitly because

the PEP level is assumed to be same in all compartments. Because the PEP concentra-
tion used in all experiments (5 mM) is considerably larger than the concentration
of ADP, the influence of PEP concentration gradients on the kinetics is assumed to
be inconsequential. The apparent kinetic constant Kpx was taken to be 0.3 mM in
all models.

Model 2 is based on model 1 with ATPase activity split into two fractions (ATPase;
and ATPase) with different apparent kinetic constants defined analogously to Eq.
2.3 and endogenous PK activity (PKend) is added in the cytosolic compartment. The
activity of PKend is defined as Eq.2.4 except the consumed ADP is cytosolic not from
solution compartment.

The kinetic equations for the concentrations of each metabolite in each compart-
ment are as follows for model 1:

dATPs1/dt (=Jat + Vi) /Wsol

dADPsq1/dt = (—Japp — Vpk)/Wsat

dATPcyto/dt = (—=Vatpasel +Jam — J2A10)/ Weyto (25)
dADPcyio/dt = (Vatpaser + Japp — J2aDP)/ Weyto
dATPivs/dt = (J2a1p + VaTPsyn)/Wims

dADPpvus/dt = (J2apP — Vatpsyn)/Wims.

where W, is the volume of solution, Wy, is the volume of the cytosol, and
Wims is the volume of IMS. For model 2, the kinetic equations for the metabolites
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are the same as for model 1 given in Eq.2.5 except the ones describing ADP and ATP

in cytosolic compartment:

dATPyio/dt =
(_VATPase1 - VATPasez + ]ATP - JZATP + VPKend1 )/chto

dADPyt0/dt =
(VATPase1 + VATPasez + ]ADP - ]2 ADP — VPKend! )/chto-

(2.6)

2.2.2 Model 3-4

In models 3 and 4 show in Fig.3, an additional intracellular compartment (compart-
ment 4, C4) with a volume (Wc4) equal to 10% of cytosolic volume, is introduced to
test whether some of ATPases are coupled to endogenous PK. Part of the PKend and
ATPase activities are located in C4. In model 3, C4 is connected to the cytosol and

uonn|os

wn
PEP+ADP [k’ > ATP+pyr = @ PEP+ADP [k > ATP+pyr

c
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Figure 3 — Schemes of model 3 and 4.

in model 4 directly to IMS. The fluxes of metabolites and the kinetic equations are
constructed similarly to models 1 and 2. For detailed description of these models,

see Supporting material in Publication L.
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THIS DISSERTATION EXAMINES the cardiac energetic system using methods from
systems biology in combination with experiments designed to study cellular
metabolism. The experimental procedures employed are by no means novel, they
have been in use to study cellular metabolism for decades. Indeed, the first indica-
tions of the existence of diffusion restrictions came from work using the experimen-
tal protocols adopted in this work. However, many of these experiments were not
performed on isolated permeabilized myocytes, but on skinned fibers — a less ele-
gant preparation than isolated cells due to the inhomogeneous nature of the sample
and the fact that grouping of fiber bundles might have undesirable effects [Kon-
gas et al., 2002]. Also, the data from various different experiments have never been
analyzed together using mathematical models to reveal the system properties of
energetic pathways.

A combination of experiments was designed to study the intracellular compart-
mentalization. See Fig.4 for representative traces from one kinetic measurement (A,
B, C, D top) and corresponding final data together with the calculated model so-
lution fits (A, B, C, D bottom). In addition to shown experiments, we measured
the extent of respiration inhibition when introduction of PK+PEP into the system
makes less ADP available for mitochondria. We started off with repeating the ex-
perimental protocol originally used on fibers for similar study [Saks et al., 2003]
with PEP already in the solution (see Fig.5 left graph). We found however that the
2mM ATP induced respiration rate was much lower than was measured from the
ATP titration experiment. We then changed the experimental protocol recording the
effect of PEP addition separately (see Fig.5 right graph). PEP inhibited respiration
even before addition of PK proving the presence of endogenous PK. That discovery
prompted the addition of these two experiments together with spectrophotometric
measurement of endogenous PK activity into the list of experiments through which
compartmentalization is studied.

A data set was gathered in this work to study rat cardiac myocytes in a rest-
ing state. By assessing this experimental data with a set of mathematical models,
a subset of these was able to characterize many aspects of cellular function. In
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Figure 4 — Experiments and modeling. Representative examples of one experimental measure-
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tometric ATPase activity measurement (C), and PKend measurement (D). Averaged data gathered
from a series of experiments (empty circles & STD) directly below each individual representa-
tive trace and fits calculated with different mathematical models.
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Figure 5 — Representative experimental traces showing the presence of endogenous PK. Respi-
ration stimulated by 2mM ATP with PEP in the solution followed by PK addition (left), and with
separate additions of PEP and PK.
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permeabilized cardiomycotyes it was found that a fraction of ATPases exist that
are functionally coupled to endogenous PK. The additonal compartment C4 acts as
phenomenological entity for grouping ATPases and endogenous PK. This study also
confirmed the existence of diffusion restriction caused by the outer mitochondrial
membrane and showed that additional diffusion restrictions exist in the cytosol as
well.

In this work, the preparation under investigation is a population of cells and
analyzed using models that describe processes that occur in a single cell. It is as-
sumed that the cell suspension is homogeneous which was additionally verified by
quantifying the quality of the preparation prior to all measurements.

However, under the measurement conditions, homogeneity may be compromised
and the cells could form clusters by clumping together resulting in an altered assess-
ment of diffusion distances which could possibly affect the results. Mitochondrial
autofluorescence was measured to gain insight into the operation of the energetic
processes that occur on the single cell level in rat cardiomyocytes. To check whether
permeabilized rat cardiomyocytes exhibit low ADP-affinity at the single cell level,
in Publication II nicotinamide adenine dinucleotide (NADH) and flavoprotein (FP) re-
sponse to exogenous ADP and ATP in permeabilized rat cardiomyocyte was followed
using fluorescence microscopy. The autofluorescence of reduced and oxidized FPs
reflect the redox state of the cell [Chance et al., 1979; Chance and Williams, 1955]
and have been used extensively to characterize the state of the respiratory chain in
numerous studies [Chance and Baltscheffsky, 1958; Chance et al., 1979; Chance and
Williams, 1955; Huang et al., 2002; Kuznetsov et al., 1998; Mayevsky and Barbiro-
Michaely, 2009; Sedlic et al., 2010; Winkler et al., 1995]. This investigation was
undertaken to test the hypothesis proposed by Kongas et al. [2002] that the appar-
ent affinity of endogenous ATP to Ox Phos could be increased by formation of micro
aggregates and unstirred water layers. Because the microscope flow chamber has
a simple geometry, the flow profile around the cell was calculated which allowed
the separation of the contribution of diffusion gradients in the solution surrounding
the cell from those of intracellular origin. Comparing the data to model solutions
indicates that intracellular structures impose significant diffusion obstacles in rat
cardiomyocytes.

Mathematical models are useful in studying integrated systems and they can be
used to test different hypotheses. Moreover, they can aid in elucidating insight from
data and avoid mistakes that can come from misinterpretations as was pointed out
in Publication III, which is a critique of work published by established researchers.
In the original study by [Piquereau et al., 2010] the authors analyze a vast array
of experimental work looking at the changes in energetic organization during mat-
uration in mice. They conclude that energetic micro-domains form very early in
postnatal development, however, the role of CK as an energetic mediator in devel-
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oping organisms is potentially exaggerated resuling from possible misinterpretation
of increase in Kiyapp ratio to K¢, in during maturation [Piquereau et al., 2010] as
was pointed out by us in Publication IIL

The importance of CK in energy transfer has been strongly emphasized by var-
ious research groups. Disruption of the CK system in hearts of CK-deficient mice
leads to changes in intracellular morphology and regulation of mitochondrial res-
piration [Kaasik et al., 2001; Nahrendorf et al., 2006]. Creatine deficiency inhibits
the CK system. It may occur due to deficiency in three enzymes that synthesize cre-
atine. A mouse model deficient in one of these enzymes, namely guanidinoacetate
methyltransferase (GAMT), has been studied extensively. Publication IV concerns
the compartmentalization in GAMT-deficient mice versus wild-type. The main con-
clusions of this work are that GAMT-deficiency is not associated with any changes
in cardiomyocyte mitochondrial organization, stimulated respiration or its regula-
tion by exogenous and endogenous ADP supply. Mathematical models were used to
analyze kinetic data gathered on both wild-type and GAMT knockout mice and the
results show that there is no change in intracellular compartmentalization, when
cells are in a relaxed state.

After the discovery of Publication I that some ATPases are functionally coupled
to PKend, our focus turned to investigating the role of different ATPases and estab-
lishing their possible connection with PKend. First, we studied the role of SERCA, a
pump responsible for getting free Ca?*back to SR after contraction, by inhibiting it
with thapsigargin (TG). It was found that in the relaxed cell, SERCA inhibition did
not have a significant effect on either cellular respiration or on ATPase activity, thus
its coupling with PKend cannot be assessed in our conditions.

Next we turned to investigating the role of sarcolemmal NKA, an enzyme respon-
sible for the maintenance of the cellular sodium and potassium balance and through
these it also influences cellular Ca’* management. We found that in permeabilized
cardiomyocytes the total ATPase activity is reduced after the addition of ouabain by
~ 45%. Respiration rates, however were unaltered after NKA inhibition. This showes
that no coupling exists between NKA and Ox Phos and that the pump is coupled
to PKend. This conclusion was confirmed by performing a kinetic measurements of
NKA-inhibited cells and analyzing the measurements with the set of mathematical
models developed in this work. Fig.6 summarizes the findings of Publication IV
together with cellular architecture and the organization of energy transfer.

For the future - interaction of various processes depicted in this picture are to
be investigated further: which of the different ATPases are coupled to Ox Phos and
which to glycolysis through PK and which structures are responsible for diffusion
restrictions.
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Figure 6 — Illustrative schemes of the processes of ATP production and consumption in car-
diomyocyte by different ATpases : SERCA, NKA and myosin ATPase; and PK and PKend competing
with mitochondria for ADP.
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CONCLUSIONS

T

HE FINDINGS OF THIS THESIS widen the understanding of cellular compartmenta-
tion in both healthy cardiomyocytes and in cardiomyocytes with compromised

energetic operations. The main conclusions of this work are listed below:

a)

b)

f)

g)

)

A complete and uniform set of kinetic data on relaxed rat cardiomyocytes was
gathered to study intracellular compartmentation using systems biology tools.

The presence of significant diffusion restrictions caused by the mitochondrial
outer membrane (MoM) was confirmed along with the existence of cytosolic
diffusion restrictions.

By analyzing the data with mathematical models it was found that tight func-
tional coupling exists between glycolysis and a fraction of ATPases.

The experimental data shows that after permeabilization, a considerable amount
of PK activity remains in rat cardiomyocytes.

By analyzing the data with mathematical models it was found that tight func-
tional coupling exists between mitochondria and a fraction of ATPases.

By comparing cell population studies and single cell studies it was demonstrated
that intracellular structures impose significant diffusion obstacles and are not
caused by a large effective diffusion distance.

Analyzing compartmentation in GAMT-deficient mice showed that inhibition
of the CK-system does not alter the mitochondrial kinetics and intracellular
compartmentation in relaxed cardiomyocytes.

While investigating the role of SR Ca?* ATPase in cellular energetics it was found
that SERCA plays a minor role in relaxed permeabilized rat cardiomyocytes, and
a connection of PKend to this ATPase could not be established.

Even after permeabilization, inhibition the sarcolemma NKA affects the total
ATPase activity.

NKA was found to be coupled to glycolysis via PK
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ADP Compartmentation Analysis Reveals Coupling between Pyruvate
Kinase and ATPases in Heart Muscle

Mervi Sepp,t Marko Vendelin,™ Heiki Vija,* and Rikke Birkedalt*

TLaboratory of Systems Biology, Institute of Cybernetics, Tallinn University of Technology, Tallinn, Estonia; and *Laboratory of Bioorganic
Chemistry, National Institute of Chemical Physics and Biophysics, Tallinn, Estonia

ABSTRACT Cardiomyocytes have intracellular diffusion restrictions, which spatially compartmentalize ADP and ATP.
However, the models that predict diffusion restrictions have used data sets generated in rat heart permeabilized fibers, where
diffusion distances may be heterogeneous. This is avoided by using isolated, permeabilized cardiomyocytes. The aim of this
work was to analyze the intracellular diffusion of ATP and ADP in rat permeabilized cardiomyocytes. To do this, we measured
respiration rate, ATPase rate, and ADP concentration in the surrounding solution. The data were analyzed using mathematical
models that reflect different levels of cell compartmentalization. In agreement with previous studies, we found significant diffusion
restriction by the mitochondrial outer membrane and confirmed a functional coupling between mitochondria and a fraction of
ATPases in the cell. In addition, our experimental data show that considerable activity of endogenous pyruvate kinase (PK)
remains in the cardiomyocytes after permeabilization. A fraction of ATPases were inactive without ATP feedback by this endog-
enous PK. When analyzing the data, we were able to reproduce the measurements only with the mathematical models that
include a tight coupling between the fraction of endogenous PK and ATPases. To our knowledge, this is the first time such
a strong coupling of PK to ATPases has been demonstrated in permeabilized cardiomyocytes.

INTRODUCTION

The viewpoint that the cell is a well mixed reactor is being Permeabilized heart muscle fibers or permeabilized iso-
replaced by the understanding that metabolic regulation lated cardiomyocytes have been extensively used to study
depends not only on enzyme kinetics, but also on the loca- the diffusion restrictions that compartmentalize the intracel-
tion and colocalization of enzymes and substrates. Thus, lular environment (8-12). In those studies, several

metabolism can be considered as a network of metabolic approaches have indicated that the diffusion of ATP and
modules, which are spatially compartmentalized to optimize =~ ADP from the solution surrounding the cells to the adenine
energetic communication between energy-producing and nucleotide translocase in the inner mitochondrial membrane
energy-consuming parts of the cell (1). It has been suggested is restricted by the mitochondrial outer membrane as well as
that compartmentalization of adenosine nucleotides (ADP in the cytosol. According to our models, the cytosolic diffu-
and ATP) by intracellular diffusion restrictions plays a vital sion restrictions leading to intracellular compartmentaliza-
role in regulation of heart energetics (2). In rat heart, the tion and functional coupling between ATP-consuming and
apparent magnitude of diffusion restrictions increases during ATP-producing organelles are most probably localized in
ontogeny (3) and is diminished by ischemia-reperfusion certain areas of the cell (12,13). The high level of diffusion
damage of the tissue (4). Similar diffusion restrictions have restrictions indicates that they are formed by cytoskeleton
been identified in cardiomyocytes of ectothermic vertebrates proteins (14), leading, together with the intracellular organi-
(5) and have been found to depend on acclimation conditions zation of mitochondria and sarcoplasmic reticulum (SR), to
in turtles (6). In comparison, cultured cardiomyocytes, which anisotropic diffusion of molecules (15).
do not contract against a workload and depend more on Most of the studies pointing to diffusion restrictions
glycolytic than aerobic metabolism, have almost no diffusion between solution and intracellular environment have been
restrictions (7). Taken together, this suggests that the magni- made on permeabilized heart muscle fibers (10,11,16). The
tude of diffusion restrictions is closely related to cardiac results from these studies have also been used as input for
mechanical performance and aerobic capacity. mathematical models (12-14). However, fiber preparations
can be heterogeneous in terms of diffusion distance, as
compared to a suspension of permeabilized cardiomyocytes.
As a result, the use of cardiomyocytes to study intracellular
Submitted October 30, 2009, and accepted for publication March 10,2010, €Mergy transfer has increased recently (5,17.18). However,
a systematic study of intracellular diffusion patterns is
This is an Open Access article distributed under the terms of the Creative needed for input into mathematical models. This study was
Commons-Attribution Noncommercial License (http://creativecommons. undertaken to fill the void of data on intracellular energy
org/licenses/by-nc/2.0/), which permits unrestricted noncommercial use, transfer recorded on permeabilized cardiomyocytes and to
distribution, and reproduction in any medium, provided the original work use this data set for analysis with a simple mathematical

*Correspondence: markov@ioc.ee or rikke@sysbio.ioc.ee

is properly cited. model.

Editor: Michael D. Stern.
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The aim of this work was to analyze the intracellular diffu-
sion of ATP and ADP in rat cardiomyocytes. To do this, we
refined the method used previously to isolate rat cardiomyo-
cytes to obtain a high yield of Ca*"-tolerant cells that would
contract upon electrical field stimulation. Intracellular ener-
getic communication between mitochondria and ATPases
was approached from several angles, including determina-
tion of respiration rate, ADP concentration in media, and
ATPase rate under several conditions. The data were
analyzed using mathematical models that reflect different
levels of compartmentalization of the cell.

MATERIALS AND METHODS
Experimental procedures

Adult outbred Wistar rats of both sexes weighing 300-500 g were used in
the experiments. Animal procedures were approved by the Estonian
National Committee for Ethics in Animal Experimentation (Estonian
Ministry of Agriculture).

Experiments

Isolation of cardiomyocytes is described in the Supporting Material. All
recordings on permeabilized cardiomyocytes were performed in Mitomed
solution (see composition below) at 25°C. The oxygen solubility factor
for the solution was calculated as described previously (19). Respiration
was recorded in a high-resolution respirometer (Oroboros Oxygraph, Paar
KG, Innsbruck, Austria). For ADP and ATP kinetics, the concentrations
of ADP and ATP, respectively, were increased in a stepwise manner. The
effect of activating a competitive ADP trap consisting of pyruvate kinase
(PK) and phosphoenolpyruvate (PEP) was assessed in two ways: first, as
has been done earlier (12), with PEP in the solution from the beginning of
the experiments (see Fig. 2 C), and second, with PEP and exogenous PK
added consecutively after stimulation with 2 mM ATP (see Fig. 2 D).
ATPase activity was assessed spectrophotometrically (Evolution 600,
Thermo Scientific, Waltham, MA) using a coupled enzyme system (13)
with 0.3 mM nicotinamide adenine dinucleotidle (NADH), 5 mM PEP,
7.2 U/ml lactate dehydrogenase (LDH) and 20 U/ml PK added to the Mi-
tomed solution. These experiments were performed with 5 mM NaCN and
10 uM oligomycin to inhibit mitochondrial respiration and ATP synthase.
Endogenous PK activity was recorded in a similar manner, in the presence
of NaCN and oligomycin, and with 5 mM PEP, 0.3 mM NADH, and
7.2 U/ml LDH added to the Mitomed solution. To assess the activity of
ATPases and their interaction with mitochondria in the absence of PK, the
release of ADP into the surrounding medium after stimulation of ATPases
with a single dose of 2 mM ATP was analyzed as a function of time using
the high-performance liquid chromatography method described in Sikk et al.
(20). This was done with and without oxidative phosphorylation inhibited by
5 mM NaCN and 10 uM oligomycin. Samples were taken out 0, 1, 2, 4, 6,
10, and 18 min after stimulation of ATPases with 2 mM ATP.

For each cell suspension, protein concentration was determined with the
Pierce BCA Assay Kit (Thermo Scientific) according to the manufacturer’s
instructions. Knowing the volume of cell suspension added to each
experiment allowed us to normalize the rates to milligrams of protein.

Solutions
Solutions used in this work are listed in the Supporting Material.
Statistics

The raw data were analyzed using homemade software. All results are
shown as mean * SD.

Biophysical Journal 98(12) 2785-2793
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Mathematical model

We used four different model versions to reproduce the experimental data
(Fig. 1). In all models, several compartments were considered. In the simpler
versions, models 1 and 2 (Fig. 1, schemes 1 and 2), three compartments were
included: solution, cytosol, and intermembrane space (IMS). In models 3
and 4, an additional compartment (compartment 4 (C4)) was added to fit
the measurements more effectively (Fig. 1, schemes 3 and 4). Diffusion
between two compartments was assumed to be proportional to the difference
in concentrations in those compartments multiplied by the exchange coeffi-
cient (C). In this work, diffusion between the following compartments
(Fig. 1, double-headed arrows) was considered: solution and cytosol
(Fig. 1, schemes 14, sol-cyt); IMS and cytosol (Fig. 1, schemes 14,
MoM); cytosol and C4 (Fig. 1, scheme 3, cyt-C4); IMS and C4 (Fig. 1,
scheme 4, IMS-C4). The reactions included in the models were ATP
synthesis by mitochondrial oxidative phosphorylation (ATPsyn), ATP
consumption by ATPases (depending on the model, ATPase, ATPasel, or
ATPase2), ATP synthesis by endogenous PK (PKend, PKend1, or PKend2),
and ATP synthesis by exogenously added PK (PK). Reactions are indicated
by single-headed arrows in Fig. 1 and localized in their corresponding
compartments. The reactions were described by simplified Michaelis-
Menten kinetics with the apparent kinetic constants V., and K,.
ATPases were considered to be inhibited competitively by ADP (apparent
inhibition constant denoted by Karpase)-

As shown in Fig. 1, scheme 1, model 1 is the simplest of the models and
includes only ATPsyn, ATPase, and exogenous PK. This model is similar to
those used previously to describe intracellular fluxes in permeabilized
cardiac muscle fiber (12,13). Model 2 is based on model 1, with ATPase
activity split into two fractions with the different apparent kinetic constants
and addition of endogenous PK activity (Fig. 1, scheme 2). Models 3 and 4
are based on model 2, but with the addition of C4, which contains part of
ATPase and endogenous PK activity (Fig. 1, schemes 3 and 4). The only
difference between models 3 and 4 is that the connection of C4 to the rest
of the cell is via cytosol in model 3 and via IMS in model 4.

Such modifications of the base model (model 1) were based on the
comparison of model solution with the experimental data. Justification of
these modifications is given below, together with the description of the
modeling results.

Detailed description of the models, fitting procedures, numerical methods,
and statistical analysis of the model fits is presented in the Supporting Material.

RESULTS
Experimental results

The experiments were set up in a manner similar to that of
earlier studies of intracellular diffusion restrictions (12,13),
the main difference being that these experiments were con-
ducted on isolated permeabilized cardiomyocytes instead
of fibers.

We recorded the mitochondrial respiration rate at different
concentrations of ADP and ATP (representative traces shown
in Fig. 2, A and B). The respiration rate after addition of
substrates and before addition of ADP or ATP (V) was
12.1 = 1.5 and 10.8 = 1.6 nmol O,/(min mg prot), respec-
tively. Addition of 2 mM ADP or ATP increased respiration
to 105 = 23 and 27 *+ 5 nmol O,/(min mg prot), respectively,
above V. Thus, respiration rates recorded with 2 mM ADP
(Vammapp) or ATP were 117 = 27 and 37.6 = 6.1 nmol O,/
(min mg prot), respectively. The dependence of the increase is
shown in Fig. 3, A and B (open circles). The acceptor control
ratio, defined here as V,,,374pp/Vo, was 9.7.
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FIGURE 1 Models of permeabilized cardiomyocytes considered in this
work. In the schemes, reactions are shown by curved arrows; exchange
between compartments is indicated by straight arrows. The level of
complexity increases from model 1 to models 3 and 4. All models have
compartments representing solution, cytosol, and mitochondrial IMS. In
models 3 and 4, an additional compartment was added (C4). The reactions
considered in this work are ATP synthesis by mitochondria (ATPsyn),
ATP consumption by ATPases (ATPase, ATPasel, ATPase2), and ATP
synthesis by endogenous PK (PKend, PKendl, PKend2) and by exoge-
nously added PK (PK). Compartment exchanges occurred between solution
and cytosol (sol-cyr); IMS and cytosol through mitochondrial outer
membrane (MoM); cytosol and C4 (cyt-C4); and IMS and C4 (IMS-C4).

In addition to the respiration kinetics, we recorded how
mitochondrial respiration stimulated by endogenous ADP
produced by ATPases upon addition of 2 mM ATP was
affected by addition of an ADP trapping system consisting
of PK and PEP. In the beginning, the experiments were per-
formed in a manner similar to that used in an earlier study on
fibers (12), where the cells were added to Mitomed solution
that already contained 5 mM PEP. A typical trace is shown in
Fig. 2 C. However, we were surprised to find that stimulation
of respiration by addition of 2 mM ATP increased respiration
rate by only 16.7 *= 5.3 nmol O,/(min mg prot) (n = 11).
Addition of 20 U/ml PK decreased the respiration rate to
74 = 1.9 nmol O,/(min mg prot) above V,, leaving
45.6 £ 9.8% of the respiration rate. This is similar to the
inhibition ratio reported earlier in fibers (12). However,
with PEP already present in the Mitomed solution, the extent
of stimulation of respiration by addition of 2 mM ATP was
considerably smaller than that obtained by ATP titration,
indicating the presence of endogenous PK competing for
endogenously produced ADP. Indeed, when PEP was not
present in Mitomed at the beginning of the experiments
(Fig. 2 D), stimulation of respiration with 2 mM ATP
increased respiration rate by 32.2 = 3.6 nmol O,/(min mg
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prot) (n = 11), similar to stimulation during ATP titration.
The addition of PEP alone brought respiration down to
10.2 = 2.1 nmol O,/(min mg prot) above V,, and subse-
quent addition of 20 U/ml PK brought it down further, to
5.3 = 1.9 nmol O,/(min mg prot) above V,. These rates
in the presence of PEP and PK are slightly lower than
when PEP was already present in the medium due to
a time-dependent decrease in ATP-stimulated respiration
(see representative traces in Fig. 2, C and D). Thus, when
taking the effect of endogenous PK into account, it is
possible to reduce ATP-stimulated respiration by ~80%
through addition of PEP and exogenous PK.

The activity of endogenous PK was assessed spectropho-
tometrically (Fig. 2 E) and was found to be relatively high,
with average kinetics shown in Fig. 3 D (open circles).

The activity of ATPases was measured spectrophotomet-
rically to complement the recordings of respiration rate
stimulated by ATP. In these experiments, mitochondrial res-
piration was inhibited. A representative example is shown in
Fig. 2 F. The average kinetics is shown in Fig. 3 C (open
circles). Note that the activity of ATPases reached 413 =+
102 nmol/(min mg prot) after addition of 2 mM ATP.
Assuming an ATP/O, ratio equal to 6, that should corre-
spond to a respiration rate of ~69 nmol O,/(min mg prot),
i.e., much higher than the rate recorded in the oxygraph
(Fig. 3 B). This suggests that some of the ATPases in our
preparation were active only in the presence of an active
PK system (see below for analysis).

To get additional information for the further analysis, we
used high-performance liquid chromatography to measure
ADP concentration in solution after addition of 2 mM ATP
in the presence and absence of oxidative phosphorylation
(OxPhos) (Fig. 3, E and F, open circles). Due to a small frac-
tion of ADP in the injected ATP, the concentration of ADP
was 0.031 = 0.018 mM at the beginning of the experiment.
This concentration increased, and if the OxPhos was not in-
hibited, it reached 0.063 =+ 0.022 mM after 18 min. The
increase was much more profound if OxPhos was inhibited,
leading to ADP concentrations in solution reaching 0.193 =+
0.053 mM after 18 min.

In the analysis of the measurements presented below, the
contribution of adenylate kinase (AK) has been ignored. To
estimate the contribution of AK, we performed a series of
experiments in which respiration rate in permeabilized cells
was stimulated by exogenous ADP (as in Fig. 2 A). Experi-
ments were performed in parallel with and without inhibition
of AK by 0.01 mM diadenosine pentaphosphate (Ap5A). As
a result, we observed that the increase of respiration rate
above V was 1.09 = 0.09 times higher when AK was in-
hibited compared to the control case (n = 5 experiments,
significantly different from 1, with p < 0.001). Here, the
increases in rate observed at all concentrations used were
averaged. More specifically, such a difference was observed
at all concentrations of ADP >0.2 mM (0.2-3.0 mM, with
the increase in respiration rate varying from 1.05 to 1.09).
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‘When measured at an ADP concentration equal to 0.1 mM,
the increase was somewhat higher (1.19 = 0.17, n = 5, not
significantly different from 1, with p = 0.07). From those
measurements, we conclude that by not incorporating AK
into the models, we ignore ~10% of the flux.

Analysis by mathematical models

In this work, we considered four models with different levels
of complexity and tried to fit the experimental data with
them. In all models, the studied system was viewed as con-
sisting of different compartments. For simplicity, diffusion
within each of the compartments was assumed to be fast.
This allowed us to describe the intracellular diffusion restric-
tions only through exchange between compartments. The
extent of the diffusion restriction was given in the exchange
coefficient: the smaller the exchange coefficient, the larger
the diffusion restriction between compartments.

We started our analysis with the simplest possible scheme
(Fig. 1, scheme 1), which would correspond to models
considered previously that describe intracellular fluxes in
cardiac muscle fibers (12,13). As is clear from the fitting
results (Fig. 3 and Table 1), there are several problems
with this scheme. For instance, there is no consideration of
endogenous PK, and as a result, neither kinetics of endoge-
nous PK (Fig. 3 D; model 1 solution is zero) nor inhibition
of respiration via endogenous PK (Table 1) can be fitted.
In addition, the calculated ATPase activity measured with
OxPhos inhibited is considerably lower than that measured
experimentally (Fig. 3 C).

To improve the fit, we considered a more complicated
model (Fig. 1, scheme 2). First, we added an endogenous
PK reaction into the system. Second, we split the ATPase
activity into two reactions with different kinetics. The exis-
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tence of two different ATPases was suggested on the basis
of the differences in ATPase activity depending on whether
ATP was regenerated intracellularly by OxPhos or by PK.
Indeed, model 2 is able to fit the data much better. The
main problem with the model 2 fit is that there is no differ-
ence in inhibition of OxPhos by simple addition of PEP or
PEP together with PK (Table 1). The simulations performed
using this model lead to relatively low values of ATPase
activity when measured in the presence of PK+PEP
(Fig. 3 C) and relatively high ATPase activity when
measured in the presence of OxPhos (Fig. 3 B). Thus, the
model is not able to reproduce the differences in those
measurements very well. In addition, the kinetics of endog-
enous PK is fitted relatively poorly, due to the small apparent
K,(ADP) value of endogenous PK found by the model
(Table 2).

For further improvement of the fit, an additional compart-
ment was introduced (C4) and connected via exchange either
with cytosol (model 3) or mitochondrial IMS (model 4). The
motivation for such a modification was that the experimental
data suggested functional coupling between PK and
ATPases. The schemes corresponding to models 3 and 4
are shown in Fig. 1. As is clear from the results shown in
Fig. 3 and Table 1, both of these models are able to repro-
duce all the experimental results quite well. The best fit
was obtained by almost isolating C4 from the rest of the solu-
tion (see the corresponding exchange coefficients in Table 2).
Thus, ATPases in C4 were activated only in the case where
local ATP was supplied by PK in the same compartment.
Note that, as discussed below, the parameter values found
for ATPases in C4 should be considered phenomenological
only and suggest a tight functional coupling between some
ATPases and endogenous PK in permeabilized rat cardio-
myocytes.
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In models 2-4, we used two sets of apparent affinities for ~ Here, the models are considered nested if the simpler version
two ATPase fractions (ATPase 1 and 2). To see whether one of the model can be obtained from the more complicated
set of affinities would be sufficient to fit the data, we repeated model by selecting particular values of model parameters.
the simulations using the simplified versions of models 2—4. Thus, models 3 and 3s cannot be compared with 4 and 4s,
In those simulations, apparent affinities of ATPases 1 and 2 since those models are not nested into each other. The results
were either the same (simplified versions of models 3 and 4) of the test are shown in Table 3. Each model (rows) is
or only one ATPase was considered (simplification of = compared with the more complicated version (columns)
model 2). The results of the fitting by the simplified models and the p-value calculated by the F-test is shown. For
are shown in Tables 1 and 2 and in Fig. 3, with the simplified ~ p-values <0.05, we conclude that the fit obtained by the
models denoted as 2s, 3s, and 4s. As is clear from the simu- more complicated model was significantly better than that
lation results, the fits using the simplified model versions  obtained by the simpler model, and there is sufficient
were similar to those using the corresponding full models evidence to reject the simpler version of the model. Accord-
(see below for statistical analysis). ing to our analysis, the addition of C4 was necessary, and it

As expected, the best fits were obtained using the most improved the fit significantly. From the comparison of the
complicated models. This could be due to the larger degrees  fits produced by models 2—4, we conclude that the models
of freedom in those models compared to the simpler ones. To without C4 can be rejected, since the probability is very
test whether the simpler model was correct and the larger small (p < 0.001) that model 2 is correct and the differences
deviation was induced by chance, an F-test of nested models in fit can be explained by random scatter in the data. Accord-
can be used in which the fits of two models are compared. ing to our analysis, models 3s and 4s give the best results.

TABLE 1 Respiration rate stimulated by endogenous ATPases and inhibited by PK

Experimental 1 2s 2 3s 3 4s 4
VO,(PEP), nmol/min mg prot 167 =53 28.89 8.11 8.37 15.08 15.12 14.80 15.12
VO,(PEP+-PK), nmol/min mg prot 74 19 6.51 7.16 7.48 7.70 7.60 7.69 7.60

Respiration rate was stimulated by endogenous ATPases and inhibited by endogenous PK (VO,(PEP)) only or together with exogenously added 20 U/ml PK
(VO,(PEP+PK)). The experimental data are compared with the simulation results obtained by the full models 1, 2, 3, 4 and their corresponding simplified
versions (2s, 3s, and 4s). Endogenous ATPases were stimulated by 2 mM ATP and PK was activated by 5 mM PEP added to solution.
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TABLE 2 Model parameters found by fitting the experimental data
Model
Parameter 1 2s 2 3s 3 4s 4
v ( ool ) 540 614 618 554 552 554 552
maxATPsyn | minemg prot
154-1317 291-1133 262-1263 349-844 338-861 348-846 338-861
Coolcyt (ﬁ %) 7385 1540 1542 3799 4213 3689 4215
1031->10° 727-3551 634-4468 1473-18984 1519-28658 1430-18399 1520-28631
CMoM (ﬁ #&m) 1651 2109 1915 1893 1833 1913 1833
574-5516 10994137 936-3835 1187-3125 1135-3038 1190-3194 1135-3038
Cims—c4 (ﬁ +‘p‘) 15 0.087
0.015-66 0.006-65
Ceyto-C4 <ﬁ %) 9.63 0.108
0.013-57 0.007-79
VimaxATPasel (#g"‘pm) 276 506 2632 239 268 233 268
141-434 354-679 1283-4331 183-298 205-337 176-293 205-337
KmATpPase1 (MM) 0.349 0.793 10 0.381 0.346 0.378 0.346
0.099-1.29 0.493-1.36 5.89—>10 0.233-0.628 0.199-0.611 0.231-0.625 0.199-0.611
KiATPasel (MM) 0.051 0.05 0.05 0.069 0.05 0.066 0.05
<0.05—>10 <0.05-0.1 <0.05-0.112 <0.05-0.247 <0.05-0.169 <0.05-0.22 <0.05-0.168
VimaxATPase2 (%) 68 483 447 452 447
7.73-130 109-2051 102-912 112-1498 101-914
KmATPase2 (MM) 0.056 1.05 0.95
<0.05-2.63 0.323-8.45 0.29-7.69
KiaTPase2 (MM) 0.05 0.051 0.051
<0.05->10 <0.05->10 <0.05->10
VinaxPKend] (ﬁ) 849 838 796 77 780 771
513-1298 471-1346 477-1139 4561111 460-1124 456-1111
KmPKend (MM) 0.053 0.047 0.396 0.33 0.385 0.33
<0.01-0.178 <0.01-0.2 0.191-0.839 0.123-0.844 0.181-0.832 0.123-0.843
VinaxPKend2 (ﬁ) 471 2268 528 2246
108-1836 96—>7200 115-2585 98—>7200

The parameter values found by fitting are shown above the confidence interval for each model parameter.

Indeed, all models that are simpler than those models lead to
a significantly worse fit. However, the addition of further
degrees of freedom is not justified on the basis of our data
(p > 0.05). Thus, there is no sufficient evidence for using
different apparent kinetic constants of ATPases in C4 and
cytosol (the difference between models 3 and 4 and their
simplified versions 3s and 4s).

A similar conclusion was reached if corrected Akaike
information criteria (AICc) and Bayesian information criteria
(BIC) were calculated for the models (Table 3). According to
those criteria, the best models (with the smallest values of
AICc and BIC) are 3s and 4s.

To check the sensitivity of the model fits to the changes of
model parameters, the confidence intervals were estimated

TABLE 3 Statistical analysis of model fits. See text for description

(see Supporting Material). The confidence intervals are
shown in Table 2 as a range, below the optimal value for
each model parameter. As is clear from Table 2, some
model parameters do not influence the model solution signif-
icantly. For example, ATPase apparent inhibition constants
(Kiarpase) can be changed in a wide range.

DISCUSSION

The experimental results presented in this work cover
multiple aspects of energy transfer in isolated permeabilized
rat cardiomyocytes. From the analysis of the experimental
data, we were able to identify compartmentalization of
ATPases and the exchange coefficients for movement of

F test
Model AIC AlCc BIC 2s 2 3s 3 4s 4
1 74.30 76.70 207.54 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
2s 15.31 19.68 71.22 0.333 <0.001 <0.001 <0.001 <0.001
2 16.77 25.57 78.20 <0.001 <0.001
3s —16.73 —7.93 57.82 0.272
3 —16.50 —3.50 63.86
4s —16.10 —7.30 58.07 0.218
4 —16.51 —3.51 63.85
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ATP and ADP between the compartments. In addition, the
obtained results point to strong coupling between endoge-
nous pyruvate kinase and ATPases in cardiac muscle cells.
This conclusion was reached on the basis of statistical anal-
ysis of the fits by models with different levels of complexity.
To our knowledge, this is the first time such a coupling has
been identified in permeabilized cardiomyocytes.

The experimental results obtained in this work are in
agreement with earlier studies. As has been shown earlier,
diffusion restrictions between solution surrounding the per-
meabilized cardiomyocytes and adenine nucleotide translo-
case lead to an apparent Km(ADP) of OxPhos that is much
higher than that for isolated mitochondria (9). A similar
conclusion was obtained for permeabilized fibers. In fibers,
oxidative phosphorylation was inhibited by 40-60% upon
addition of exogenous PK (10,11). In this work, when PEP
was present in solution at the beginning of the experiment
(Fig. 2 C), a similar inhibition was obtained. Stimulation
of respiration by endogenous ATPases upon addition of
2 mM ATP was also similar to that reported by others for
permeabilized rat cardiomyocytes (17). In the presence of
OxPhos, the concentration of ADP in solution (Fig. 3 E)
was similar to values recorded in experiments on permeabi-
lized fibers from rat (10) and ectothermic vertebrates (8) and
somewhat higher than values reported for rat by Seppet et al.
(11). Finally, PK activity recorded in this work is the same as
that recorded by Monge et al. (18). At an ADP concentration
of 1.2 mM, activity of 637 = 69 nmol/(min mg prot) was re-
ported (18), similar to our measurements (Fig. 3 D). Thus,
our results for permeabilized cardiomyocytes are similar to
those of others.

Cardiomyocytes are an excellent preparation for studying
intracellular compartmentalization due to the homogeneous
nature of the preparation. Fibers may bundle together and,
due to the variation in diameter, the diffusion distance
between solution and mitochondria may vary. However, it
is intriguing that in permeabilized rat cardiomyocytes, the
increase in respiration rate above V, by addition of 2 mM
ATP was only 30% of that obtained by stimulating with
2 mM ADP. In contrast, in permeabilized rat fibers, the
increase of respiration rate above V, after addition of
2 mM ATP was ~75% of the maximal respiration rate ob-
tained by stimulation with ADP (12). It remains uncertain
what causes this discrepancy between fibers and cardiomyo-
cytes. The preparation of cardiomyocytes is a relatively
complicated process and requires a large amount of tuning
to obtain large populations of rod-shaped and calcium-
tolerant cells (>75% of the total population in this work).
It is possible that something happens to cardiomyocytes
during the isolation procedure that affects the ATPases, but
further studies and variations of the cardiomyocyte isolation
protocol are required to understand this phenomenon.

The main difference between results reported previously
and those presented in this work is that we found a significant
effect of endogenous PK on ATPases. Namely, we found
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that some of the ATPases are not activated unless ATP is
provided via PK. As we argue below, this indicates func-
tional coupling between those ATPases and PK. In addition,
we have shown that endogenous PK is an effective OxPhos
competitor for endogenously produced ADP. This finding
was possible because of a change in the procedure that al-
lowed us to account for endogenous PK. Indeed, endogenous
PK alone (activated upon addition of PEP) is able to inhibit
OxPhos stimulated by exogenous ATP by 50-70% (Fig. 2 D
and Table 1). Such effects of endogenous PK have not been
reported previously in studies of energy transfer in permea-
bilized cardiomyocytes or muscle fibers.

The analysis of our experimental data clearly shows the
existence of a fraction of ATPases that are activated only
in the presence of endogenous ATP generated by PK.
Indeed, only models 3 and 4 (Fig. 1, schemes 3 and 4) and
their corresponding simplified versions (3s and 4s) were
able to reproduce the data very well. In those models, an
additional compartment with ATPase and PK activity (C4)
was introduced, and this compartment was quite isolated
from the rest of the cell. The exchange coefficient for move-
ment of ATP and ADP into or out of that compartment was
found to be <1 nmol/(mM min mg prot). Compared to the
exchange constant describing the movement through mito-
chondrial outer membrane (~1900 nmol/(mM min mg prot)),
it is clear that there is almost no significant movement
from or to C4 during the steady state. Such a low exchange
coefficient is analogous to the exchange coefficient values in
the phenomenological models of creatine kinase (CK) and
adenine nucleotide translocase (ANT) coupling (21). As in
the case with CK-ANT models, the model of C4 presented
here should be considered only as a phenomenological
description of the coupling between the glycolytic system
represented by PK and some of the ATPases. For a mecha-
nistic description, full kinetic analysis should be done, and
several mechanisms of the coupling should be considered,
as has been done for CK-ANT (22). Only after such analysis,
when the mechanism of the coupling is identified, can mean-
ingful exchange coefficients be derived. Right now, the
values obtained by models 3, 3s, 4, and 4s should be consid-
ered only as a strong indication of functional coupling
between PK and ATPases in permeabilized rat cardiomyo-
cytes.

Until it becomes clear which ATPases are not active in
cardiomyocytes without ATP supplied by PK, and why there
is a difference between ATP-stimulated respiration rates re-
corded in fibers and cardiomyocytes, it will be hard to esti-
mate the extent of diffusion restrictions in the cell. Indeed,
the models that include functional coupling between PK
and ATPases (C4 in models 3, 3s, 4, and 4s) predict rela-
tively modest diffusion restriction for ATP and ADP induced
by intracellular structures. However, in our experiments,
a large fraction of ATPases was active only in the presence
of an active PK system. In experiments performed on fibers,
on the other hand, the situation is different. As discussed
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above, respiration rate was activated by ATP much more in
fibers than in the cardiomyocyte preparations in this study.
This suggests that in fibers, most of ATPases are active
without PK-supplied ATP, whereas this is not the case for
cardiomyocytes. Alternatively, fibers could have higher
ATPase activity than cardiomyocytes. As a result, diffusion
is predicted to be relatively restricted when the fiber data are
analyzed (12—-14). In this work, we predict larger diffusion
restrictions only in the models that do not include functional
coupling between PK and ATPase (models 2 and 2s). Thus,
the extent of diffusion restriction predicted by models
depends on the fraction of ATPases activated in the cells
and on the coupling between PK and ATPases. For accurate
estimation of diffusion restrictions, the discrepancy between
results for cardiomyocytes and those for fibers has to be
resolved.

We do not know at this stage which ATPases are active in
cardiomyocytes with PK-supplied ATP, i.e., which ATPases
are functionally coupled to PK. One possibility is the SR
calcium ATPase (SERCA). Specifically, it is known that
PK is functionally coupled to SERCA and is localized next
to it in the SR vesicles from heart and skeletal muscle
(23,24), but other ATPases can also be coupled to PK. For
example, the Na-K-ATPase is preferentially fueled by ATP
from glycolysis (25). In general, glycolysis tends to support
sarcolemmal function, whereas mitochondrial respiration
supports contractile function (1). However, it has been
shown that glycolytic energy buffering can affect contractile
function in a manner similar to that observed with CK (26).
Thus, it is also possible that PK, which binds to the I-band of
the sarcomeres (27), is coupled to myosin ATPase. It should
be noticed, though, that in the experiments presented here,
the concentration of Ca’>" in the intracellular medium is
not higher than that in the resting cell, and thus, most of
the ATPases involved in excitation-contraction coupling
were not fully activated. Further experiments will address
which ATPases are represented by C4 in our model and
exhibit this strong coupling to PK.

All the models in this study predicted similar exchange
coefficients for diffusion through the mitochondrial outer
membrane (Table 2). Let us illustrate the meaning of the ob-
tained exchange coefficient value. For example, in the
measurements performed with the concentration of exoge-
nous ADP equal to the apparent Km(ADP) value
(~0.3 mM), the respiration rate is ~50 nmol O,/(min mg
prot), or ADP consumption is 300 nmol/(min mg prot)
(assuming P/O, = 6). To sustain such a flux through the
mitochondrial outer membrane, the ADP gradient has to be
300 nmol/(min mg prot)/1900 nmol/(mM min mg prot) =
0.16 mM. This value is close to our estimate obtained using
a 3D mathematical model of intracellular diffusion in the
fiber (14). That model took into account the intracellular
distribution of mitochondria (28) as well as sarcoplasmic
reticulum (29). According to our simulations, the gradient
of ADP in similar conditions would be <0.15 mM (14).
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In both models, the ADP and ATP gradients induced by
mitochondrial outer membrane depend on the respiration
rate, with gradients up to ~0.3 mM expected at rates close
to the maximal respiration rate. The estimate of apparent
Km(ADP) obtained in this work is somewhat smaller than
that obtained by others for isolated brain and heart mitochon-
dria after addition of tubulin (30,31). In those experiments,
two populations of mitochondria were identified with one
of them (Km(ADP) = ~0.3 mM), presumably corresponding
to the situation in the intracellular environment. Thus,
although our results show that there is a significant diffusion
restriction induced by the mitochondrial outer membrane in
permeabilized cardiomyocytes, we predict that it is some-
what smaller than the diffusion restriction found in experi-
ments on isolated mitochondria with tubulin in solution.

The finding that intracellular PK is tightly coupled to some
ATPases supports the view of metabolism as a highly devel-
oped compartmentalized network (1). With the intracellular
diffusion restricted (12,16) and anisotropic (15) in rat cardio-
myocytes, formation of microdomains with local ATP
consumption and production is possible. As one of the
ATPases that can be coupled tightly to PK, SERCA is
one of several critical systems that are functionally coupled
to local ATP regeneration via glycolysis, glycogenolysis, or
CK (32-35). A similar trend has been identified in mitochon-
dria, with the evidence that the respiratory chain is organized
in supercomplexes (36). To understand the behavior of such
compartmentalized and coupled systems, mathematical
models describing the interaction between molecules have
to be developed and integrated into cell models. Such inte-
grated models, when fully developed, will help us to under-
stand the metabolic pathways in normal conditions and the
effects of metabolic remodeling of the failing heart, and
thereby to identify treatment protocols for patients based on
modulation of the metabolic pathways (37,38).

In conclusion, we have generated a solid data set that we
used to analyze intracellular diffusion restrictions in rat car-
diomyocytes. On the basis of our analysis, we have
confirmed previous findings of a significant restriction by
the outer mitochondrial membrane. Also, we have confirmed
a functional coupling between mitochondria and a fraction of
ATPases in the cell. The new finding in this study is that
a large fraction of ATPases seems to be tightly coupled to
PK. This highlights the importance of glycolysis in energy
production for cardiac function. To determine the intracel-
lular diffusion restrictions that are expected to group ATP-
consuming and -producing systems, we need to explain
why there is a discrepancy between ATPase stimulation of
respiration in cardiomyocytes and that in fibers, and which
ATPases are coupled to mitochondria and PK.

SUPPORTING MATERIAL

Additional text is available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(10)00357-7.
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Here, we give the description of cardiomyocyte isolatiod anmerical methods used to solve the
mathematical models.

Experimental procedures: Isolation of cardiomyocytes solditions

Isolation of cardiomyocytesCardiomyocytes were isolated following the method desctiprevi-
ously (1) but with some modifications. The animals receivedf injection of 2500 U heparin and
were anesthetized with 260 mg/kg sodium pentobarbitalifdoa™). The excised heart was swiftly
placed in ice-cold wash solution (see composition belowpioimize ischemic damage. The heart
was Langendorff perfused with wash solution at constargsane of 80 cm KO for 5 minutes before
the perfusate was changed to digestion solution contairfg - 1 mg/ml of collagenase A (Roche;
see composition below). This solution was recirculatedhaitrate of 5.1 ml/min until the pressure
was 0 mm Hg (approx. 40 min). After this, the ventricle wasiotd four pieces and transferred into
10 ml digestion solution. It was incubated with gentle shgkin waterbath at 3T for additional
10-20 minutes. This last step turned out to be crucial toinltalcium tolerant cells that contracted
upon electrical field stimulation indicating a proper ceblation. When the ventricular tissue pieces
began to disassemble, they were transferred to sedimamtaiiution (see composition below), cut a
few times with a scissor and the cells were suspended withettpi The cell suspension was passed
through a nylon mesh and viable cells separated by seditimmnt&alcium concentration in the cell
suspension was increased gradually to 1 mM with repeated-sedimentation cycles after which
the cells were washed three times with large volumes éf @ae solution. The cells were stored
in this solution at room temperature until use. The isolatts were checked under the microscope
during each wash to make sure that the suspension contditeatsa75 % healthy, rod-shaped cells.
They were also controlled after oxygraphy measurementsite@rsure that Ca had been adequately
washed out during the final three washes: i#'Claad not been washed out of the extracellular medium
in which the cells were stored, the cells would have congihcipon permeabilization, but this was
never observed.

Solutions.Wash solution (mM): NaCl 117, KCI 5.7, NaHG@.4, MgCh 1.7, KH,PO, 1.5, sucrose
120, BES 21, taurine 20, glucose 11.7 and creatine 10. pH wasted to 7.1 with NaOH at 25

Digestion solution (mM): NaCl 117, KCI 5.7, NaHG@&.4, MgC} 1.7, KH,PO, 1.5, HEPES 21.1,
taurine 20, glucose 11.7, creatine 11, phoshocreatineytOyate 2, 2 mg/ml BSA and 0.75-1 mg/ml
collagenase A (Roche). pH was adjusted to 7.1 with NaOH at 25

Sedimentation solution contained the same compounds astitig solution except that collagenase
A was replaced by 20V CaCl, 10uM leupeptin and 2M soybean trypsin inhibitor.

Mitomed solution (mM): KHPO, 3, MgCl, 3, sucrose 110, K-lactobionate 60, taurine 20, HEPES
20, EGTA 0.5, DTT 0.5, malate 2, glutamate 5 and 5mg/ml BSA. @3 adjusted to 7.1 with KOH
at 25. In all experiments, the isolated cardiomyocytes were pabilized with 2qg/ml of saponin.

Mathematical model

We used four different model versions to reproduce the éxmartal data. The model solution was
obtained in the form of concentration distributions wittire different compartments in the cell.
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Each model gives an estimation of the overall diffusionrietion between intracellular environment
and extracellular solution as well as restrictions betwd€&Rases and mitochondria according to
the model architecture. It is assumed that the diffusiotricti®ns imposed on ADP and ATP are the
same. The solution volumes in the models were taken fromdberemental setup, changing between
different experiment types: 2 ml for oxygraph and spectadpimetric measurements; 5 ml for HPLC
measurements.

The experiments reflect cell population behavior. In the ef®dwe describe the distribution of
metabolites in one representative cell. In order to eséntfa¢ volumes of different compartments
within a cell, we first assumed that the combined cell volutaée up 15% of the cell suspension
added in the experiments (10-20 and;80suspension added to 2 or 5 ml, respectively). The used
value for combined cell volumes is speculative as it is diffitco assess it in the cell suspension. We
checked how changing of the combined cell volumes affectdatiing results to assess its influence
on the model solution. Decreasing it 10 or 100 times did nahge the conclusions drawn from the
modeling results. The volume of mitochondrial matrix wasuamsed to be 33% of the cell volume,
mitochondrial intermembrane space (IMS) was 1% of the a@dlime, and the volume of cytosolic
compartment was the rest.

In the model setup we considered eight types of experiméptaitochondrial respiration stimulated
by ADP, 2) mitochondrial respiration stimulated by ATP, 3)JAstimulated respiration inhibited by
PEP, 4) ATP stimulated respiration inhibited by PK + PEP, BpPAase activity without OxPhos, 6)
endogenous PK activity, 7) concentration of ADP releaséd solution as a function of time in
presence of OxPhos, and 8) concentration of ADP releasedattition as a function of time in the
absence of OxPhos. To relate ATP synthesis to OxPhos,iaff® equal to 6 was assumed.

Model 1.The simplest model has three compartments - solution, ayéosl IMS (Fig. 1, scheme 1).
The fluxes of metabolites induced by diffusion between tltasepartments are

JATP = Csol—cyt(ATPsol - ATPcyto)
Joarp = Crort (AT Peyo — AT Prags) 1)
JADP - C’solfcyt(ADPsol - ADP(:yto)

Joapp = Cuom(ADPy, — ADPrys),

where Cy,_.,: iS the exchange coefficients between solution and cytosblaza 'y, between
cytosol and IMS.

As it is shown in Fig 1 (scheme 1), the following processesirekided in model 1 in addition to
diffusion between compartments: ATP synthesis in IMS bylative phosphorylation (ratér psy»);
ATP consumption by ATPases in cytosol (raferp.s.); and synthesis of ATP by pyruvate kinase
(PK) reaction in solution (rat®p). For simplicity, the rates are given using a phenomenobigi
description. ATP synthesis rate is

‘/ma:cATPsyn : ADPH\V'[S

1% syn — ’ 2
ATPsy ADP[MS + KmATPsyn ( )

where thel,, arpsy», Was taken equal to 0.015 mM (2) in this and all other models. Adase, a
competitive inhibition by ADP is assumed:

VmazATPase : ATPcyto

VATP(Lse = ' (3)
ATPCyiO + KmATPase (1 -+ %)
Exogenous PK reaction is assumed to depend only on ADP:
‘/WL(L.'L'PK . ADPsol
Vo = —mazDK " 2777 sol '
e ADP501+KPK ()
2
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Here, dependence of PK rate on PEP is not taken into accoplicidy since PEP level is assumed
to be same in all compartments. Since the PEP concentragieth in experiments (5 mM) is con-
siderably larger than the concentration of ADP, the infleeoatPEP concentration gradients on the
kinetics is assumed to be minor. Apparent kinetic consiéat was taken equal to 0.3 mM in all
models.

The kinetic equations for metabolite concentrations irheammpartment are as follows:

dATPs‘ol/dt = (_JATP + VPK)/WSOI

dADPysy/dt = (—=Japp — Ver) /Wi

dATPcyto/dt = (_VATPase + ']ATP - J2 ATP)/chto (5)
dADPcyto/dt = (VATP(L58 + JADP - JZ ADP)/chto

dATPrys/dt = (Joarp + Varpsyn)/Wins

dADPrys/dt = (Jaapp — Varpsyn)/Wims,

whereW,,, is the volume of solutioni},,,, is the volume of cytosol and/; ;s is the volume of IMS.
The Optimized parameters Welﬁ;uwATPsynx Csolfcytv C]Moi\lv ‘/maxATPaser KmATPase: andKiATPase-

Model 2.Model 2 (Fig. 1, scheme 2) is based on model 1 with ATPaseipcsplit into two fractions
(ATPasel and ATPase?2) with different apparent kinetic orts and addition of endogenous PK
activity (PKend). Model 2 has the same number of compartsneatmodel 1 with the diffusion
between compartments described by Eq. 1. Activity of endogs PK is given by

VmamPKcndl : ADPcyto

Vekendi = . 6
Picendt ADPcyto + KPKf:nd ( )
Rates for ATPase fractions are
Vmaac asel * ATP(:': to
VATPasel = ATPasel JfADP ) (7)
ATPuyw + KnLATPasel (1 + W‘;ZZI)
Vmaac ase2 * ATP(Z’I to
VATPaseQ = ATPase? JfADP . (8)
ATPcyto + KmATPuseZ (1 + WZZL)
For model 2, the kinetic equations for metabolites are dsvisl:
dATPsol/dt = (_*]ATP + VPK)/VVSOZ
dAD Py /dt = (=Japp — Vei) /Wi
dAT P,/ dt =
(_VATPasel - VATPasez + JATP - J2 ATp t+ VPKendl)/chto (9)
dADP,,/dt =

(Varpaser + Varrases + Japp — J2app — Verend)Weyto
dAT Prys/dt = (Joarp + Varpsyn)/Wins
dADPyys/dt = (Joapp — Varpsyn) /Winms,

The Optimized parameters for model 2 Wevel;amATPsyni Osolfcytv C]\/Iﬂ]\{l VmazATPasr:‘ll VmumATPaseZ:
KmATPaseli K’mATPase?u KiATPasely KiATPaser VmazPKendv andKPKcnd-

Model 3. In model 3 (Fig. 1, scheme 3), we introduced an additionahagllular compartment
(compartment 4, C4) with voluméi(-,) equal to 10% of cytosolic volume to test whether some of
ATPases are coupled to endogenous PK. Part of endogenouscPKTRase activities are located in
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C4. In this model, C4 is connected to cytosol. As a result, flmtesetabolites induced by diffusion
between compartments in model 3 are as follows:

JATP - Csol—cyt(ATPsol — ATPcyto)
JE ATP — O]\JO]W(ATP(:yto — ATP[]WS)
Ccyt7C4(ATPcyza — ATPC4)

Js arp
(10)

JADP = Csolfcyt(ADPsol - ADPcyto)

JZADP = CJWOM(A-DPr:ym _ADPIMS)

J3ADP = Ccyt—C4(ADPcyto - ADPC4)

As in model 2, ATP synthase is described in IMS by Eq. 2, PKtieadn solution is described
by Eq. 4, and, in cytosol, endogenous PK and ATPase reactiendescribed by Eq. 6 and Eq. 7,
respectively. Reaction rates of ATPase and endogenous PK ameCgiven by

‘/mawATPaseQ : ATPC4
ATPC4 + KmATPaseZ (1 + M)

KiaTPase2

VATPaseQ = (11)

and v ADP,
v s = mazPKend2 * Cc4 ) 12
Pleend2 ADPoy + Kpkend (12)

The kinetic equations for the metabolites in different canyments are:

dAT P,y /dt = (=Jarp + Vpr)/Wsa
dAD Py /dt = (=Japp — Ver)/Waa
dATPcym/dt =

(=Varpase + Jarp — Joarp + Vekendar)/Weyto
dADPcyw/dt =

(Varpase + Japp — J2 app — Vprendr )/ Weyto (13)
dAT Poy)dt =

(=Varpaser + Jarp — J2arp — J3arp + Vprenaz)/Wea
dADPey/dt =

(Varpase + Japp — Joapp — J3app — Vekend2)/Wea
dAT Prys/dt = (Joarp + Varpsyn)/Wins
dADPys/dt = (Joapp — Varpsyn)/Wins

The Optimized parameters Werv;'naacATPsynx Csolfcytv C]\J{?M! CC’!/t*C‘LI VmazATPasel: VmazATPaseZv

KmATPa,selv KmATPaseQ: KiATPascl: KiATPaser VmaxPKendly VmaxPKendQv KPKend (thls constant was
the same for the endogenous PK located in cytosol and C4).

Model 4. Model 4 (Fig. 1, scheme 4) is a modification of model 3 with timdyaifference being
the connection of C4 to the rest of the cell. In model 4, C4 is recticontact with IMS instead of
cytosol. All the expressions describing reactions in thegartments are the same as in model 3.
The difference between the models is in the fluxes of metisolnduced by diffusion. For model 4,

those fluxes are
JATP = Csol—cyt(ATPsol - ATPcyto)

=]2 ATP — O]\,{OM(ATPCyw — ATP[MS)
Crvs—ca(AT Prys — AT Pey)

Jyarp
(14)

JADP = Csolfcyt(ADPsol - ADPcyto)

JZADP = C]LIOM(ADPr:ym _ADPIMS)

Jiapp = Crus—ca(ADPrys — ADPey).

4
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The kinetic equations are:

dAT Py /dt = (= Jarp + Vpr) /Wi
dADPsol/dt = (_JADP - VPK)/WSUZ
dAT Py, /dt =
(=Varpase + Jarp — Joarp + Vekenar)/ Weyto
dADP,y,,/dt =
(Varpase + Japp — J2 app — Vprendr )/ Weyto
dAT Pey/dt = (15)
(—Varpaser + Jarp — Joarp — Juarp + Vekenaz) /Wea
dADPgy/dt =
(Varpase + Japp — J2app — Jsapp — Vprenaz)/Wea
dAT Prys/dt = (Joarp + Varpsyn)/Wins
dADPys/dt = (Joapp — Varpsyn) /Wins

The Optlmlzed parameters WeVELazATPsynx Osalfcyt! CI\IO}Wa CHMS*C%! ‘/maaL'ATPaselv ‘/IILaiEATPaSEZY
KmATPaselv KmATPasﬁQ1 Ki,ATP(zselr KiATPase?v VmamPKendh VmaacPKen(i21 KPKend-

Simplified versions of models 2, 3 andld.addition to these four models we also constructed sim-
plified versions of models 2, 3 and 4 (2s, 3s, and 4s, resggtivn simplified models, we assumed
that the apparent kinetic constants for ATPases are the iseatlecompartments:

KmATPasel = KmATPaseZ (16)
KiATPasel = KiATPu,S(Q-

Fitting. To find the optimal model parameters, we performed fittinghef inodel solution to the
measured data using the least squares method. The minietizedunction was

- v — o™
Elree)]

koL

where indexkt runs through experiment typed’(= 8 experiment types considered) anthrough
points in an experiment,' is the rate or ADP concentration (depending on the type oéexpent
k) calculated by the model and;™ the corresponding measured valag; is the standard deviation
of an experimental value.

To avoid non-physiological solutions during optimizatiome limited the range of the parameters
as follows: apparent Michaelis-Mentef{,) and inhibition (<;) constants for ATPases were limited
from 0.05 to 10 mM; apparetit,, for endogenous PK was limited from 0.01 to 10 mM; appaként,

for endogenous PK was lower than 7%t. In addition, exchange coefficients between cytosol

and solution () and cytosol and compartmentd.; c,) were limited to 10 ﬁ min’?nTg")rot. At

such high values, the diffusion between compartments wabmiting and the model solution was
not influenced if the exchange coefficient was increasetéurt

Statistical analysis of the modeling resuli$ie fits obtained by different models were analyzed using
several tests.

First, the sensitivity of each model parameter was assdssedtimating confidence intervals. For
that, all model parameters were fixed at the found optimaieséxcept one parameter that was either
increased or reduced. As a result, the model fit became wuasentith the optimal model parameters.
As soon as the fit became so much worse thapth@ue was 0.05 according to extra sum-of-squares
F-test (F-test) when compared with an optimal fit, the valugne model parameter was recorded as

5
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a value corresponding to the minimum or maximum of the confidenterval. This procedure was
repeated with all model parameters.

Second, the fits obtained by different models were comparegdluate whether the fits obtained by
more complicated models were significantly better. For, that--test to compare the nested models
was used. In addition, corrected Akaike information ciiterand Bayesian information criterion
were computed to compare the fits of the different models.

Numerical methods.The system of ordinary differential equations was numéyicsolved by an
integrator that is able to automatically switch betweeff @iackward differentiation formula) and
non-stiff (Adams) integration routines, depending on tharacteristics of the solution, and adapts
the time-step to achieve a desired level of solution acgurglsich was in turn tested by varying the
tolerance of the ordinary differential equation solver. (Bhe optimization was performed using the
Levenberg-Marquardt algorithm (4).
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ABSTRACT Intracellular diffusion restrictions for ADP and other molecules have been predicted earlier based on experiments
on permeabilized fibers or cardiomyocytes. However, it is possible that the effective diffusion distance is larger than the cell
dimensions due to clumping of cells and incomplete separation of cells in fiber preparations. The aim of this work was to check
whether diffusion restrictions exist inside rat cardiomyocytes or are caused by large effective diffusion distance. For that, we
determined the response of oxidative phosphorylation (OxPhos) to exogenous ADP and ATP stimulation in permeabilized rat
cardiomyocytes using fluorescence microscopy. The state of OxPhos was monitored via NADH and flavoprotein autofluores-
cence. By varying the ADP or ATP concentration in flow chamber, we determined that OxPhos has a low affinity in cardiomyo-
cytes. The experiments were repeated in a fluorometer on cardiomyocyte suspensions leading to similar autofluorescence
changes induced by ADP as recorded under the microscope. ATP stimulated OxPhos more in a fluorometer than under the
microscope, which was attributed to accumulation of ADP in fluorometer chamber. By calculating the flow profile around the
cell in the microscope chamber and comparing model solutions to measured data, we demonstrate that intracellular structures
impose significant diffusion obstacles in rat cardiomyocytes.

INTRODUCTION

When mitochondrial oxygen consumption is stimulated by  tive to metabolism; fibers and cells in the oxygraph may
exogenous ADP, mitochondria in situ in permeabilized form clumps, where outer cells restrict diffusion to the inner
fibers and cells from cardiac muscle have an affinity that cells. Although analysis of the data in light of intracellular
is much lower than that of isolated mitochondria (1-3). diffusion restrictions has been commonly used, the alterna-
The cause of this is still uncertain. Usually, the low affinity tive explanation of the data by long diffusion distances in
is attributed to intracellular diffusion restrictions that limit the experimental setup has not been tested. Our recent
diffusion between the solution surrounding the cell and data from rainbow trout approached the long diffusion
the mitochondrial inner membrane. As possible diffusion  distance hypothesis (unstirred layers and clumping of cells).
obstacles, limitation of permeability of voltage-dependent  The data argued against diffusion restriction by unstirred
anion channel in mitochondrial outer membrane by tubulin layers (11). However, they did suggest that trout cardiac
(4) and intracellular structures such as sarcoplasmic retic- fibers were not completely separated and/or were clumping
ulum and proteins associated with them (3,5-7) have been during oxygraph experiments, because the affinity (quanti-
proposed. From two- and three-dimensional analysis of  fied by apparent Kj, for exogenous ADP) of fibers was
mitochondrial arrangement, it is clear that rat cardiomyo-  much lower (apparent K, higher) than that of isolated car-
cytes have a very high degree of order (8,9). In such ordered diomyocytes (11). Note that apparent K, for ADP was still
environment, intracellular diffusion obstacles associated larger in trout cardiomyocytes than in isolated mitochon-

with sarcoplasmic reticulum can be responsible for anisot- dria, indicating the existence of intracellular diffusion
ropy in diffusion that was shown by extended raster image  restrictions in trout cells.
correlation spectroscopy (6). The difference in the affinity of permeabilized trout cells

As an alternative explanation, Kongas et al. (10) proposed and fibers is opposite to what has been reported for rat heart
that low affinity to ADP in permeabilized fibers and cells preparations, where the apparent K, of permeabilized fibers

can be attributed to long diffusion pathways in the experi- is similar to that of cardiomyocytes (12). We have never
ments: unstirred layers surrounding the cells and fibers  observed cell aggregation in the oxygraph during experi-
may provide a significant restriction of ADP-diffusion rela- ments on rat cardiomyocytes, or under the microscope after

experiments. However, it cannot be ruled out that temporary
microscopic cell aggregates are formed, so that the diffusion

Submitted June 15, 2011, and accepted for publication September 20, 2011. distance from the medium to the mitochondria inside the
*Correspondence: markov@ioc.ee cells is effectively much larger than the radius of a single
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This study was designed to check whether permeabilized
rat cardiomyocytes exhibit low affinity to exogenous ADP
at single cell level. We took advantage of the fact that changes
in the autofluorescence of reduced nicotinamide adenine
dinucleotide (NADH) and oxidized flavoproteins (FPs) reflect
the redox state of the cell (13,14). NADH and FP autofluores-
cence has been used extensively to characterize the state of
respiratory chain: for example, response of isolated mito-
chondria (13,15) or permeabilized fibers (16,17) to ADP
stimulation; response of isolated cardiomyocytes to drugs
(18,19); or monitoring mitochondrial function in vivo (20).

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

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

MATERIALS AND METHODS

Adult outbred Wistar rats of both sexes weighing 300-500 g were used in the
experiments. Animal procedures were approved by the Estonian National
Committee for Ethics in Animal Experimentation (Estonian Ministry of
Agriculture).

Before the experiments, animals were anesthetized with 0.5 mg/kg ket-
amine (Bioketan, Vetoquinol Biowet, Gorzéw Wielkopolski, Poland) and
125 mg/kg dexmedetomidine (Dexdomitor; Orion, Espoo, Finland).

Isolation of cardiomyocytes

Calcium-tolerant cardiomyocytes were isolated as described in Sepp et al.
(3). During isolation of cardiomyocytes, we used solutions from Sepp et al.
(3) with slight modifications. Solutions are listed in the Supporting
Material.

Fluorescence microscopy

Microscope experiments were performed on an inverted Nikon Eclipse
Ti-U microscope (Nikon, Tokyo, Japan), described in the Supporting Mate-
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rial. Immediately before each experiment, a new batch of cells were per-
meabilized for 5 min with gentle mixing in an Eppendorf tube with
Mitomed solution (see the Supporting Material) containing 25 ug/mL
saponin and 50 uM ADP. A fraction of the permeabilized cells was put
into a diamond-shaped fast-exchange chamber (15 x 6 mm, RC-24N;
Warner Instruments, Harvard Apparatus, March-Hugstetten, Germany) on
the microscope. They were allowed to sediment for 5-10 min before start-
ing the superfusion with Mitomed solution containing different concentra-
tions of ADP. Only those cells located in the middle of the chamber were
used for measurements. According to the manufacturer, the geometry of
the chamber provided laminar flow of solutions during experiments at the
used flow rate of ~0.5 mL/min. The ADP concentration was increased step-
wise from 50 to 100, 300, 500, 1000, and 2000 uM and the cells were super-
fused for at least 4.5 min at each step. The same experiment was done with
ATP instead of ADP.

Spectrofluorometer recordings

Autofluorescence measurements on population level were performed in
4 mL plastic cuvettes (four-faced transparent cuvettes; Deltalab, Rubi,
Spain) on a spectrofluorophotometer (Shimadzu RF-5301; Shimadzu Scien-
tific Instruments, Kyoto, Japan). Autofluorescence spectra of flavoproteins
and NADH were recorded using excitation and emission wavelengths
similar to those used for microscope single cell studies: for NADH excita-
tion was 340 nm, emission range 400-550 nm; for flavoproteins, excitation
was 465 nm, emission range 500-600 nm. All spectra were taken three
times to make sure that steady state was reached. The cell suspension
was continuously stirred with magnetic stirrer bars (VWR, Wien, Austria)
and before each measurement resuspended with a pipette to provide an
homogeneous mixture. Autofluorescence of permeabilized cardiomyocytes
was first recorded in substrate-free Mitomed solution in presence of 50 uM
ADP or ATP, then substrates were added and cells were exposed to
increasing concentrations of ADP or ATP, respectively. At the end of
each titration, oligomycin and sodium cyanide were added to obtain the
signal under fully reduced conditions. Spectra of cell suspension autofluor-
escence in substrate-free solution and in presence of oligomycin and
cyanide were then used to normalize data of titration, as described below.

Analysis of fluorescence signal

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

Statistics

The raw data were analyzed using homemade software. All results are
shown as mean + SD.

Mathematical models

The experimental data were analyzed by several mathematical models.
Description of the models is given in the Supporting Material.

RESULTS
Experimental results

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

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

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

B

2

OL+CN

i'; 013; 03§- osi- 103 2?

FIGURE 1 Example of the response of permeabilized cardiomyocytes to
changes in solution. For demonstration, rod-shaped and nonrod-shaped
cells are shown. Autofluorescence of the cells was recorded by fluorescence
microscope with the fluorescence induced by 340 nm (fop row) or 465 nm
(bottom row) excitation. Note how gradual increase of ADP (concentration
in mM shown below images) leads to changes in fluorescence with the
maximal and minimal levels of fluorescence induced by oligomycin/
cyanide (OL+CN) and FCCP. As it is clearly visible on the figure, fluores-
cence of nonrod-shaped cells (bottom right corner on all images) is rela-
tively small in recordings of NADH fluorescence. However, the opposite
was frequently true for recordings of fluorescence corresponding to flavo-
protein (FP) signal.
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moment at which the new solution started to enter the micro-
scope imaging chamber (dashed vertical lines in Fig. 2) and
the response of the cell. However, after a few images, the
fluorescence of the cell is stable until the next change of
solution.

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

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

Because fluorometer measurements were performed on
populations of cardiomyocytes, we could relate changes in
NADH and FP fluorescence to changes in respiration rate
(VO,). For that, VO, measured on populations of rat cardi-
omyocytes under similar conditions were used (data taken
from Sepp et al. (3)). The relationship between fluorescence
and VO, is shown in Fig. 4. Because VO, was not measured
at all ADP and ATP concentrations used in this study, we
had to omit several fluorescence measurements in Fig. 4.
Note that the relationship between fluorescence and VO,
is close to linear. This indicates that fluorescence changes
follow similar kinetics as VO,. In addition, we observed
that the fluorescence changes induced by exogenous ATP
were larger than expected from VO, measurements. As a
result, the relationship between NADH (or FP) fluorescence
and VO, is not unique, but depends on the way the respira-
tion is stimulated (Fig. 4, A and B).
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FIGURE 2 Average fluorescence of a single per-
meabilized cell exposed to the changes in solution
denoted at the bottom. Fluorescence was recorded
with excitation light of 340 nm (rop row) or

_ 2 OL+CNFCCH

Time(min)

465 nm (bottom row). The fluorescence was
normalized by using the signal recorded in solu-
tions OL+CN and FCCP as extreme values corre-
sponding to relative fluorescence equal to 0 and 1

37.5

(see figure). The moment at which the change of
solution was started by the experimenter is indi-
cated (dashed vertical line). Note how stimulation
of respiration by exogenous ADP (A and C) is able
to change the fluorescence in a larger range than
stimulation by exogenous ATP (B and D).
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Differences in fluorometer and microscope
measurements analyzed by compartmentalized
model of a cardiomyocyte

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

In the microscope chamber, the solution is exchanged and
ADP produced by upstream cells can be washed out. To
track the ADP concentration in the microscope chamber,
we have to distinguish between ADP present in prepared
ATP solution and ADP produced by ATPases in the micro-
scope chamber. In our conditions, ADP concentration was
1.5% of ATP concentration in prepared solution, as deter-
mined earlier by HPLC in solution without cells (3). To
estimate ADP produced by all cells in the microscope
chamber, we assumed that the ATPase rate can be described
by the Michaelis-Menten equation with apparent K, a7p) of

76

37.5

Time(min)

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

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

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

Biophysical Journal 101(9) 2112-2121
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differences in NADH and FP fluorescence response to stim-
ulation by endogenously generated ADP in fluorometer and
microscope are caused by differences in the design of the
corresponding measurement chambers.

Influence of unstirred water layers
on the measurements

The low affinity of respiration, as evidenced by NADH and
FP to changes in extracellular ADP, suggest significant intra-
cellular diffusion restrictions. However, such low affinity can
be also induced by large unstirred water layers surrounding
the cells in the fluorometer or microscope chambers.
Although analysis of unstirred water layers in the fluorometer
chamber is not trivial due to the stirring and mixing of the
cells in the experiments, the situation in the microscope
chamber can be analyzed in detail. In our conditions, the
flow in the chamber is laminar. By approximating the micro-
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scope chamber by simplified geometry, we calculated
the flow profile of the solution in the chamber (Fig. 6 A).
The flow velocity was fastest near the inflow and outflow.
In the center of the chamber, where the measurements were
performed, the flow velocity reached ~3100 um/s at the
surface of the solution. Near the cell, next to the cover glass,
the flow is considerably slower. However, even 20 um from
the glass, the flow was >100 um/s in the central region
of the chamber. Assuming that there is no flow of solution
through the cell, the corrected flow profile in the cell
surroundings was calculated. In those simulations, the flow
profile in the middle of microscope chamber was taken
into account. The flow in the cell surroundings is shown in
Fig. 6 B by streamlines and arrows.

The calculated flow profile in the cell surroundings was
used to analyze the influence of unstirred water layers on
the measurements. For that, a reaction-diffusion-convection
model was composed and we calculated the distribution of
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ADP in solution and inside the cell taking into account mito- the VO, measured in an oxygraphy chamber for cell suspen-

chondrial respiration, diffusion, and convection of ADP. sion (data from Sepp et al. (3)) is shown for comparison.
When 1 mM ADP is used in the solution entering the Assuming that NADH and FP fluorescence is linearly
chamber, the model predicts significant diffusion gradients related to VO, we estimated the relative VO, of a single
between the solution and parts of the cell next to the cover cell from fluorescence measurements (Fig. 3, A and C).
glass with the lowest ADP concentration equal to For that, fluorescence at zero ADP was taken into account
0.67 mM (Fig. 6 B). In those simulations, it was assumed in estimation of VO, by subtracting it. The fluorescence at

that apparent K, app) of respiration was 0.015 mM, i.e., zero ADP was found by fitting fluorescence measurements
the same as for isolated mitochondria. To analyze how the with a Michaelis-Menten-type relationship with the shift
supply of ADP influences VO, of the isolated cardiomyo- corresponding to fluorescence level at zero ADP. As it is
cyte, we calculated VO, of the cell in different conditions. clear from Fig. 6 C, to reproduce the experimental data,

Assuming that apparent Kyappy of mitochondria is the affinity of mitochondrial respiration to ADP has to be
0.015 mM, we could see a large difference on calculated reduced significantly by increasing apparent K, app) of
VO, when ADP was supplied by infinitely fast diffusion, respiration to 0.15-0.45 mM. This demonstrates that low
diffusion as in water, and with the diffusion assisted by affinity of respiration is induced, in part, by intracellular
flow of solution (Fig. 6 C). diffusion restrictions.

Note that when we take into account the flow surrounding
the cell, the apparent affinity of VO, to ADP is considerably
higher than the measured one (solid line in Fig. 6 C). Here, DISCUSSION
According to our results, the fluorescence response to exog-
enous ADP and ATP stimulation was similar on single cell
and population levels if we take into account the differences
in experimental setups. On both studied levels, NADH and
FP fluorescence varied when ADP was changed up to the
millimolar range indicating a low affinity of mitochondrial
b - 1 oxidative phosphorylation to exogenous ADP. From the
mathematical analysis of the measurements in microscope
2l --- flow through chamber, we demonstrated that low affinity of the respira-
ol . L zero ADP tion to exogenous ADP is in part induced by intracellular
0 1 2 3 diffusion restrictions. To our knowledge, this is the first

[ATP], mM time the existence of intracellular diffusion restrictions for
ADP has been demonstrated from experiments on single
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FIGURE 5 Calculated respiration rate VO, stimulated by exogenous

cells.
ATP in permeabilized cardiomyocytes in the surroundings that mimic the To study th tofl " di "
situation in fluorometer (solid line) or microscope imaging chamber 0 study the autoliuorescence ol cardiomyocyles, we

(dashed line). ITn fluorometer, measurements are performed in closed used a wide-field fluorescence microscope equipped with a
chamber whereas in microscope the solution is changed as it flows through sensitive camera. By using such setup and following a single
the imaging chamber. A_s a result, ADP in solution can either accumulate isolated cardiomyocyte, we avoided complications that can
(‘closedlchamber) or will stay relatively low (flow through chamber'). In occur in tissue preparations and in confocal imaging. In the
simulations, flow through chamber had ADP concentration proportional tudi . level has t te f

to added ATP, in agreement with small ATP contamination by ADP. For studies on . lssu.e or organ ?Ve » one has to compensate . or
comparison, VO, calculated with zero ADP concentration in solution organ motion, inhomogeneity of the cells, and absorption
surrounding the cell is shown (dotted line). and scattering of excitation light and fluorescence by tissue.
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FIGURE 6 Analysis of single cell respiration in the microscope fast
exchange chamber. (A) Flow profile in the microscope chamber found by
the mathematical model. The flow profile is described by velocity magni-
tude (shown by color) and streamlines (white lines). At inflow (top left),
the velocity is higher than at outflow (bottom right) due to the larger
opening of the chamber at outflow. (B) Distribution of ADP (shown by
color) predicted by the mathematical model around a cell situated in the
middle of a chamber, attached to the glass. The location of the cell is out-
lined (black wire-frame) on the image. The flow in the box was calculated
on basis of the flow distribution in the chamber taking into account the flow
around the cell. The flow is indicated by the arrows (leff) and streamlines
(white lines). Note how flow of solution leads to asymmetric distribution
of ADP next to the cell. (C) Influence of ADP mixing mechanisms on respi-
ration rate of a cell in microscope chamber. Assuming that there are no
intracellular diffusion restrictions, the calculated affinity of respiration to
ADP is very high in the case of infinitely fast diffusion (dashed black
line). If ADP is supplied just by diffusion, the affinity drops significantly
(dotted black line). Taking into account flow distribution in the chamber,
the predicted affinity of respiration to ADP (solid black line) is significantly
higher that the one determined from experiments. For comparison, respira-
tion rate dependency determined on the cell suspension in respiration
chamber is shown (open dots) as well as respiration rate estimated from
NADH (solid squares) and FP (solid triangles). Only by assuming signifi-
cant intracellular diffusion restrictions modeled by increasing an apparent
Kmapp) of mitochondrial respiration to 0.15 mM (red line), 0.3 mM (green
line), or 0.45 mM (blue line), is it possible to reproduce the measurements if
the flow in the chamber is taken into account.
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When confocal microscopy is used, small movement of the
cell could lead to changes in focal plane that have to be
taken into account. Due to the nature of the fluorescence
microscope point-spread function, the signal is integrated
through the whole thickness of the cell (point-spread
function of our microscope has been published earlier in
Laasmaa et al. (26)). As a result, small movements of the
cell induced by changes in solution flow do not alter the
measurements if the signal is averaged over the whole
cell. In addition, use of a highly sensitive camera allowed
us to reduce bleaching by attenuating the excitation light.

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

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

Because single cell and cell populations results are
similar, one can take advantage of both preparations in the
studies. When larger population is used, it is possible to
use macroscopical methods, such as following respiration
rate by measuring oxygen concentration changes in solu-
tion, HPLC to determine dynamics of metabolite changes,
and absorbance spectroscopy. Those methods have been
applied in numerous studies (1,11,28), with our recent study
applying a large set of them to analyze ADP compartmenta-
tion in permeabilized cardiomyocytes (3). Although macro-
scopical approaches are not possible on a single-cell level,
there are clear advantages of using a single-cell preparation.
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The main advantage is the ability to select a particular
cell. As it is shown in Fig. 1, the response of a viable rod-
shaped cardiomyocyte could be different from that of a con-
tracted nonrod-shaped cell. In the microscope, we could
choose the cells on the basis of their shape and response
to external stimuli. This is not possible on a population
level, because in population-level studies there is always
a fraction of the cells that have been damaged during isola-
tion. In addition, the single cell preparation allows us to
study intracellular heterogeneity of the metabolism, such
as metabolic oscillations (29-31). For regional analysis,
confocal microscopy can be used (17) or image deconvolu-
tion algorithms to enhance fluorescence images. For decon-
volution, several options exist with several open source
deconvolution packages made available recently including
end-user software packages or programming libraries (see
Laasmaa et al. (32) and references within).

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

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

As one of the advantages of using single cell preparation,
the influence of the unstirred water layer surrounding the
cell can be quantified. Here, by using several mathematical
models, we found the flow profile in the chamber and in the
vicinity of the cell (Fig. 6, A and B). Knowing the flow
profile, it is possible to find the influence of ADP or ATP
supply from the solution in the cell and separate diffusion
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gradients induced by intracellular structures from overall
diffusion gradients in the system (Fig. 6, B and C). As it
is clear from our simulations, intracellular diffusion restric-
tions are significant (compare black and colored solid lines
in Fig. 6 C). In addition to intracellular diffusion restric-
tions, diffusion gradients induced by ADP supply in the
chamber play a significant role as well (compare dashed
and solid lines in Fig. 6 C). In our simulations, the cell
was positioned along the flow.

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

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

The physiological role of such diffusion restrictions is
still not clear, and is a subject of further studies. At present,
we have not yet identified which intracellular structures
are responsible for diffusion restrictions. As a result, we
cannot predict whether those diffusion restrictions would
influence intracellular energy fluxes in the heart leading to
modulation of energy transfer depending on the workload
(41). In addition, signaling, or response to pathological
conditions can be influenced as well. However, what we
have demonstrated in this work is that the diffusion restric-
tions that lower the affinity of mitochondrial respiration
to exogenous ADP are localized within permeabilized rat
cardiomyocytes.
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SUPPORTING MATERIAL

Materials and Methods, Results, one figure, and references (42,43)
are available at http://www.biophysj.org/biophysj/supplemental/S0006-
3495(11)01085-X.
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Production and transfer of metabolites like
ATP and phosphocreatine within cardio-
myocytes is crucial for the robust availability
of mechanical work. In mammalian cardio-
myocytes, mitochondria, the main suppliers
of usable chemical energy in the form
of ATP, are situated adjacent to both the
ATPases near the mechanical apparatus,
and the sarco(endo)plasmic reticulum
Ca’*-ATPase (SERCA) calcium pumps.
Operation of these ATPases requires a high
ATP/ADP ratio, which is maintained by two
parallel energy transfer systems — creatine
kinase (CK) and direct adenine nucleotide
channelling (DANC). Compartmentation
of energy metabolites works to lessen
the impact of dynamic changes in the
availability of wusable energy on the
operation of these ATPases, and allows for
a higher phosphorylation potential where it
is required most.

The operational mechanism, structure
and development of the barriers responsible
for energetic compartmentation within
cardiomyocytes have yet to be elucidated
despite intensive research in this area. A
recent article in The Journal of Physiology
by Piquereau et al. (2010) is an extensive
investigation into how the structural and
energetic properties of mouse heart muscle
change during postnatal development.
It includes observations on structural
changes and cellular morphology using
electron  microscopy,  quantification
of mitochondrial, myofibrillar and
SR proteins, assessment of organelle
functionality, and the quantification of the
energy flux in both the CK and DANC
transfer systems. SERCA function was
measured via calcium mediated tension
generation, while myosin ATPase function
was quantified by measuring rigor tension
development. Total activity of CK and
mitochondrial CK (mi-CK) were estimated.

Publication III

The article by Piquereau et al. builds
upon a strong research tradition at Inserm
U769, Univ. Paris-Sud, which focuses on
studying how cardiac mechanisms function
in response to both pathological and physio-
logical stimuli. This includes work on
contractile, sarcoplasmic reticulum (SR),
and mitochondrial proteins, membrane
receptors, ion channels and signalling. Their
work has inspired new areas of inquiry into
the function of energy compartmentation
in the heart with various implications
for therapeutic targets to improve both
function and clinical outcomes.

As main results of their recent publication,
Piquereau et al. concluded that the
formation of energetic microdomains
occurs very early in postnatal development,
and that the maturation of cellular
architecture plays an important role in
achieving maximal flexibility in regulation
of ATP production by mitochondria.
They found that the development of
regulatory energetic pathways does not
happen simultaneously. Throughput of
energy transfer between mitochondria and
myosin ATPases is correlated with the
changes in the cytoarchitecture in contrast
to the CK supported energy transfer which
seems to depend on specific localization
and expression of CK. Development
between days 3 and 7 is crucial in
increasing the capacity of energy trans-
fer and involves major remodelling of the
contacts between organelles. The density
of intracellular organelles increases at the
expense of free cytosolic space. Contacts
between mitochondria and longitudinally
oriented myofibrils and between SR and
mitochondria are established to form an
effective intracellular energetic unit. After
the first week (post natum), a different
phase of hypertrophy occurs without major
structural changes to the contacts between
organelles. After 3 weeks, the respiratory
capacity of mitochondria increases, whereas
heart weight to body weight ratio decreases.
The main results of the article are
summarized in Fig. 1.

Considerable effort has been invested by
Piquereau et al. in determining various
changes during cardiomyocyte maturation.
Several questions arise, however, when
comparing the publication with previous
studies. Firstly, in 3-day-old cells, based
on results from electron microscopy and

© 2010 The Authors. Journal compilation © 2010 The Physiological Society
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SR protein expression experiments, the
authors deduce SR not to be present
in quantities high enough to enable
SR Ca?* content measurement. However,
volume measurements from electron micro-
scopy are known to be very sensitive to
sample preparation procedures, especially
as dimensions of different organelles
can change in different ratios as a
result of fixation. The low level of
SR protein expression in 3-day-old cells
could be explained by results obtained
in embryonic mouse cardiomyocytes
(Takeshima et al. 1998), where SR Ca’*
release channels do not play a major role
in excitation—contraction (EC) coupling
but, instead, are required for cellular Ca**
homoestasis. Full SR function develops
rapidly in neonates, possibly explaining
both the dramatic increase in SR Ca’*"
content between day 3 and day 7 fibres, and
the difficulty the authors had in conducting
the experiment with fibres from 3-day-old
mice.

Secondly, the authors concluded that the
functional coupling of adenine nucleotide
translocase (ANT) and mi-CK (‘functional
activity’ in Piquereau et al. 2010) was
considerably higher in adult myocytes. This
conclusion, however, seems to be based on
misinterpreting the Kyapp/Kc;, ratio graph
(article Fig. 5F). As is evident from the K,
plots in the article (article Fig. 5E), Kmcr
is constant throughout the ageing process,
whereas Ky,app increases notably in older
fibres. The increase in Kpapp/Kc, ratio
stems from the increase of Kyapp and is
not, in this case, indicating increases in
mi-CK-ANT coupling nor mi-CK activity.
Rather, it can be interpreted as indication
of an increase in diffusion restrictions to
adenine nucleotides in the cytosol caused
by changes in either mitochondrial outer
membrane or myofibrillar and other cyto-
solic structures, or both (Vendelin &
Birkedal, 2008; Sepp et al. 2010). In order
to measure the coupling between mi-CK
and ANT, different experimental techniques
need to be employed, such as measuring
changes in respiration in response to ATP
titration.

Two observations can be made from
further analysing SR calcium uptake and
rigor tension sensitivity results from the
article (article Figs 2 and 4). By looking at
ratios of values obtained during different

DOI: 10.1113/jphysiol.2010.199901
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conditions, it is possible to eliminate
auxiliary effects and focus on how the
role of energy supply pathways change in
relation to one another as the cell matures.
Two examples are given in Fig. 1 (bottom
row). Firstly, from the difference in rigor
tension levels (ApMgATPs,) supported by
CK and ATP energy supply systems (Fig. 1,
line b), it is evident that myosin ATPase
activity supported by CK is consistently
higher than exogenous ATP throughout
the growing process. On the other hand,
the capacity of the CK system to load
the SR increases ~2 times by day 61
(Fig. 1, line d). We suggest that this is
further evidence of the role of SR trans-
itioning from maintaining Ca** homo-
estasis (Takeshima et al. 1998) to playing
an essential role in EC coupling. A possible
explanation for this could be activation of
SR-bound CK by day 21, whereas myo-
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fibril bound CK is already active from
day three. Secondly, pMgATP5,(DANC) —
PMgATPs,(ATP) (Fig. 1, line a) indicates
that after an initial increase caused by
changes in mitochondrial positioning,
myofibrils stay constantly more sensitive
to stimulation via direct channelling
compared to exogenous ATP. At the
same time, however, direct channelling is
able to maintain an increasingly higher
SR load than exogenous ATP (Fig. 1,
line c¢). This can be explained by
structural changes in the cell, whereby
SR becomes more closely situated with
respect to mitochondria (article Fig. 8D).
Clearly, these interpretations should be
verified through further experiments and
modelling.

Building on results obtained by Piquereau
et al. some directions could be explored in
the future. One matter of interest would

J Physiol 588.23

be how the role of glycolysis changes
during maturation. It has been shown
that embryonic mouse heart responds in
a similar manner to inhibition of either
glycolysis or oxidative phosphorylation
and that in early stages of postnatal
development, ATP consumed by ion pumps
is preferentially supplied through glycolysis
(Chen et al. 2007). Additionally, in
1-day-old rabbit, 44% of consumed ATP
comes from glycolysis, whereas by day 7 this
goes down to 7% (Lopaschuk et al. 1992).
In the paper under discussion, the possible
contribution of glycolysis to ATP supply was
not directly addressed. Especially in young
mouse cells, the effect from this could be
considerable and might impact some of the
conclusions of the article.

Another possible area to explore in the
future could be to analyse these results
with the aid of a computational model.
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This would help in further unravelling the
interplay between different factors during
cell maturation, especially in questions
where experimental methods fail to yield
clear results. Different mathematical models
could be compared with statistical methods
in order to determine the role of various
pathways and the existence of metabolite
pools or spatial compartmentation in the
developing cell (Sepp et al. 2010).

In summary, the extensive experimental
work performed in the work by Piquereau
et al. covers various aspects of energy
metabolism and morphological changes
in the cell during maturation. The work
provides new information on postnatal
development of heart energetics in mice —
a popular animal model used for studying
the effects of genetic manipulation.
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