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Introduction

The blood pumped by the heart supplies all the organs with nutrients and oxygen and
eliminates waste products. Adequate energy production in mitochondria and efficient
energetic communication between energy-producing and energy-utilizing sites are of
vital importance for the normal functioning of the heart. The creatine kinase (CK) system
is considered to play a crucial role in buffering and transporting high-energy phosphates
in tissues with high and fluctuating energy needs. Almost 40 years ago, Bittl and Ingwall
suggested that phosphoryl transfer by CK is ten times faster than ATP synthesis by
mitochondrial respiration (Bittl and Ingwall, 1985). Since then, multiple studies have
been performed to assess the relation of CK-flux to ATP synthesis by oxidative
phosphorylation, presenting noticeably diverse data. Thus, over the years, the CK system
has been considered one of the most important players in myocardial metabolism
(Bessman and Carpenter, 1985; Wallimann et al., 1992; Saks et al., 1994; Joubert et al.,
2002; Dzeja and Terzic, 2003).

The CK system changes in heart failure when the heart cannot pump blood efficiently
around the body. The progression of heart failure is associated with impairments in
energy metabolism, characterized by the inability of the heart to produce a sufficient
amount of energy needed to match its functional demands. In 1939 the reduction of total
creatine levels in failing myocardium was first described by Herrmann and Decherd
(Hermann and Decherd, 1939), followed by the detection of elevated serum CK levels
after myocardial infarction (Ml) in the early 1960s (Duma and Siegel, 1965). After MI, due
to the tissue damage, CK is released from the myofibrils. The elevated serum CK levels
correlate with the infarct size, so that larger infarct sizes evoke larger CK release into the
blood flow. Since then, extensive research has been carried out to understand what
causes heart failure development. After MI, total CK enzymatic activity and creatine
levels are reduced (Ingwall and Weiss, 2004; Lygate et al., 2007; Neubauer, 2007), leading
to compromised energy metabolism in the failing heart. Moreover, the infarct severity
depends on its duration, so more PCr is consumed during a longer infarct, causing more
severe consequences. Thus, the PCr/ATP ratio is a well-known indicator of the myocardial
energy state and is widely used as a prognostic marker of patient mortality after heart
failure (Neubauer et al., 1997; ten Hove and Neubauer, 2007).

Cardiac energetics and the contribution of the functional CK system to energy transfer
in healthy and failing hearts were studied in several models, where the CK system was
altered (Lygate and Neubauer, 2014). However, the outcomes of these studies were
equivocal and even contradictory. On the one hand, the basic cardiac function of
creatine-deficient and CK KO animals was normal (Hove et al., 2005; Nahrendorf et al.,
2006; Faller et al., 2018; Aksentijevic¢ et al., 2020), and compromised CK function did not
worsen heart failure (Nahrendorf et al., 2005; Lygate et al., 2013). On the other hand,
several other studies reported the improvement of postischemic cardiac dysfunction and
protection against heart failure due to the overexpression of CK (Akki et al., 2012; Gupta
etal., 2012; Whittington et al., 2018). Therefore, further investigations are needed to get
a clearer insight into the CK system's role in regulating cardiac metabolism. Of particular
interest is the importance of CK as an energy transfer system, which, for a long time, was
thought to be crucial in a healthy heart and compromised in heart failure.

Ca?* plays an essential role in cardiac contraction and regulation of energy
metabolism, participating in the regulation of ATP utilization by ATPases and ATP
generation by mitochondria. Changes in the Ca?* handling were demonstrated in CK KO



mouse hearts (Crozatier et al., 2002; Spindler et al., 2004). Although these animals
exhibited unchanged myocardial Ca** homeostasis at baseline, impaired Ca?* handling
and excitation-contraction (EC) coupling were observed under acute stress conditions.
Therefore, revealing the aspects of tight interaction of Ca?* dynamics and regulation of
cardiac energetics is of great importance in understanding the underlying causes of the
heart’s inability to meet the body’s fluctuating needs under pathophysiological
conditions.

In the current dissertation, the energetic communication between cellular
compartments, ultrastructural organization, and Ca?* handling in cardiomyocytes
from mouse models with altered CK system was studied. Two mouse models of
creatine-deficiency were used. Both are creatine free due to the lack of one of the
enzymes that synthesise creatine, either L-arginine:glycine amidinotransferase (AGAT) or
guanidinoacetate N-methyltranferase (GAMT). In addition, data from different
experimental measurements were used as input for various mathematical models of
heart cells to estimate intracellular compartmentation and how communication
between cellular compartments and Ca?* handling is modified in creatine-deficient
hearts. The results of this work broaden the understanding of the CK system’s role in
regulating energy metabolism and Ca?* dynamics in the heart.

The thesis is organized as follows. The first chapter of this thesis briefly overviews
cardiac function and metabolism. In the next chapter, studies on creatine-deficient
animal models are described with the results from Publications | and Il. As mouse was
used in these studies, in contrast to the use of rats in earlier works studying intracellular
energy transfer, the relevant bioenergetics parameters from rat and mouse cardiac
preparations were compared in Publication Ill and summarized in Chapter 3. Finally,
results linking creatine-deficiency to EC coupling (Publications IV and V) are described in
Chapter 4 and followed by the overall conclusions.
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Abbreviations

ADP adenosine diphosphate

AGAT arginine:glycine amidinotransferase

AGAT KO mouse lacking arginine:glycine amidinotransferase
AK adenylate kinase

AMP adenosine monophosphate

AMPK AMP-activated protein kinase

ANT adenine nucleotide translocase

ATP adenosine triphosphate

ATPase adenosine triphosphatase

CICR Ca%" induced Ca?* release

CK creatine kinase

CK KO mouse lacking muscle and mitochondrial creatine kinase
Cr creatine

CrT creatine transporter

CrT KO mouse lacking creatine transporter

CrTOE mouse overexpressing creatine transporter

EC excitation-contraction

ETC electron-transport chain

GAMT guanidinoacetate methyltransferase

GAMT KO mouse lacking guanidinoacetate methyltransferase
GAPDH glyceraldehyde 3-phosphate dehydrogenase

hArg homoarginine

HK hexokinase

1A iodoacetamide

I-R ischemia-reperfusion

ISO isoprenaline

KO knockout

LTCC L-type calcium channel

M-CK muscle creatine kinase

M-CK KO mouse lacking muscle creatine kinase

MCU mitochondrial Ca* uniporter

Ml myocardial infarction

MOM mitochondrial outer membrane

mtCK sarcomeric mitochondrial creatine kinase

mtCK KO mouse lacking sarcomeric mitochondrial creatine kinase
NADH reduced nicotinamide adenine nucleotide

NCX Na*/ Ca?* exchanger

NCXrev Na*/ Ca?* exchanger operating in the reverse mode
PCr phosphocreatine

PEP phosphoenolpyruvate

11



PK

PLB
ROS
RyR

SL
SERCA
SR
TnC
VDAC
B-GPA

pyruvate kinase

phospholamban

reactive oxygen species

ryanodine receptor

sarcomere length

sarcoplasmic reticulum Ca?* -ATPase
sarcoplasmic reticulum

troponin C

voltage dependent anion carrier
beta-guanidinopropionic acid
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1 Cardiac function and creatine kinase system

1.1 Cardiac function and energy metabolism

The heart beats and pumps the blood around the body throughout life, constantly and
without rest. Cardiac output is around 5 litres per minute in a human. Thus, the heart has
the highest energy demand compared to any other organ in the body. Consequently,
mitochondrial content, occupying one-third of the cell volume, is the highest in the heart,
while myofilaments take up half of the cardiomyocyte volume (Barth et al., 1992; Katz,
2011).

The heart’s contraction is initiated by the action potential (AP), a transient change in
membrane potential generated by the pacemaker cells in the sinoatrial node (SA) node
of the heart. The electrical excitation and contraction of the myofibrils are linked by the
EC coupling (Figure 1). With this, the propagation of an action potential leads to voltage
change across the sarcolemma and subsequent opening of voltage-dependent L-type
Ca?* channels (LTCC), causing Ca?* influx into the cell. That, in turn, triggers a more
prominent Ca*-induced Ca?* release (CICR) from the sarcoplasmic reticulum (SR) through
Ca?* release channels, the ryanodine receptors (RyRs). When intracellular Ca?*increases,
Ca?* binds to troponin C (TnC), the Ca?* - binding subunit of the troponin complex (Tn),
located on the actin filaments, and allows myosin binding to actin. This causes sliding of
the actin filaments over the myosin filaments, and thus the myofilament contraction,
driven by adenosine triphosphate (ATP) hydrolysis by myosin-ATPases. For relaxation,
Ca%*is pumped back to the SR by SR Ca?*-ATPase (SERCA) or exported out of the cell by
the Na*-Ca?* exchanger (NCX) and the sarcolemmal Ca?*-ATPase (Bers, 2002).

Ca?*also plays a role in the regulation of ATP generation. Ca?* enters the mitochondria
through the mitochondrial Ca?* uniporter (MCU), stimulates dehydrogenases in the citric
acid cycle (Krebs cycle) to produce NADH, and participates in the activation of
F1Fo-ATPase (Franzini-Armstrong, 2007). Although mitochondria take up and release Ca?*
under physiological conditions, they are not involved in EC coupling. They thus do not
liberate Ca?* in response to stimulation or when required by the cell (Williams et al.,
2013). Nevertheless, the mitochondrial Ca?* transients could play an essential role in
regulating ATP regeneration and mitochondrial energetics (Glancy and Balaban, 2012).
Thus, Ca?* plays a critical role in regulating muscle contraction in parallel with mitochondrial
energy production, termed “parallel activation” (Balaban, 2002).
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Sarcolemma

Contracted Relaxed
Myofilaments

Relaxed

Figure 1. Cardiac muscle excitation, contraction and relaxation. 1. The cardiac action potential
(AP) spreads through the heart, causing depolarization along the sarcolemma and t-tubular
system; 2. Voltage-gated Ca?* channels (LTCC) open and let Ca?* ions to enter the cell; 3. Ca®*
ions cause Ca?* release from intracellular Ca?* stores in sarcoplasmic reticulum (SR),
through ryanodine receptors (RyRs); 4. The free intracellular Ca?* concentration increase allows
Ca?* binding to myofilaments; 5. Ca?* binding to myofilaments enables the interaction between
thin and thick filaments and leads to a muscle contraction; 6. After the contraction, Ca?* is taken
up into the SR by sarcoplasmic reticulum Ca?* -ATPase (SERCA); or 7. transported out of the cell
by sodium-calcium exchanger (NCX); 8. The decline in cytosolic Ca?* concentration allows the
relaxation of the myofilament to occur; 9. Na*/K*-ATPase (NKA) restores Na* and K* gradients
and maintains resting potential across the plasma membrane. The contribution of sarcolemmal
Ca?*-ATPase (PMCA) to Ca?* extrusion is negligible and constitutes only 1%. In the heart,
cytosolic creatine kinase (CK) is bound to the M-band of myofibrils and coupled to myosin
ATPases. Also, it is located near and coupled to SERCA and NKA.

The contraction of the heart is fueled by ATP, most of which is obtained from the
oxidation of carbohydrates and fats employing glycolysis and oxidative phosphorylation.
Cardiac energy metabolism involves both anabolic and catabolic reactions, synthesizing
building blocks for cellular structure and ATP, respectively. Catabolism consists of three
main components: cellular uptake and subsequent breakdown of the substrates received
with the food; the ATP production by oxidative phosphorylation in mitochondria;
and, finally, the transfer of energy-rich phosphate bonds to the cytosolic sites of
ATP-consumption and their subsequent utilization (Neubauer, 2007) (Figure 2).

After substrates are taken up by the cell, they are metabolised by beta-oxidation and
glycolysis, leading to acetyl coenzyme A (Acetyl-CoA) formation. Next, Acetyl-CoA is
oxidized in the Krebs cycle within mitochondria to form CO2 and reducing agents (NADH,
FADH2), which pass their electrons further to the respiratory chain or electron-transport
chain (ETC). Since ATP produced by glycolysis is not enough to fuel heart beating,
oxidative phosphorylation is the primary energy source in the heart, responsible for
producing over 95% of ATP in the heart (Ingwall, 2002). ETC consists of four protein
complexes that pass electrons from electron donors (NADH, FADH:) to electron acceptors
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and transfer the protons across the mitochondrial inner membrane to the intermembrane
space, creating a proton gradient. Then, adenosine diphosphate (ADP) is converted to
ATP by ATP-synthase, powered by this gradient (Figure 2).

Free fatty acid Glucose
1CD36] 1GLUT4;
/ T 1 Cardiomyocyte \
Free fatty acid GIuche-P-B = Glycogen
Fatty acyl CoA Glycolysis | — ATP

Pyruvate — Lactate

Carnitine shuttle

Fatty acyl CoA

—Acetyl-CoA

witochoﬁd-ﬁd Myofibrils J

Figure 2. Cardiac energy metabolism. Fatty acids and glucose are the main substrates of
myocardial metabolism. They are transported from the bloodstream into the cell via fatty acid
transporter (mainly CD36) and glucose transporter (GLUT4). In the cell, glucose is metabolized
in the glycolysis pathway, forming pyruvate, which enters mitochondria, where pyruvate
dehydrogenase (PDH) catalyses the formation of acetyl-CoA. Free fatty acids are converted to
fatty acyl CoA, which enters mitochondria through a carnitine-mediated exchange. Fatty acyl
CoA is oxidized in the beta-oxidation pathway in the mitochondria, forming acetyl-CoA. Acetyl-
CoA from both pyruvate and fatty acids is further oxidized in the citric acid cycle (Krebs cycle),
producing reduced nicotinamide adenine nucleotide (NADH) and flavin adenine dinucleotide
(FADH,). The respiratory chain uses these reducing agents to build up a proton gradient, used
further by ATP synthase to generate ATP by ADP phosphorylation. Finally, ATP is transported to
the sites of utilization in the cytosol. ANT—adenine nucleotide translocase.

During cardiac development, due to an increase in workload, the growth of the heart
is first enhanced by hyperplasia followed by hypertrophy. In parallel, cardiac energy
production relying initially on the utilization of carbohydrates, switches to fatty acid
oxidation, allowing the heart to adapt both its energy generation and contractile
capacity to new needs of the organism to ensure proper cardiac function (Piquereau and
Ventura-Clapier, 2018). The heart is very flexible in swapping the metabolic orientation
in response to changes in different factors, such as the energy demand, oxygen
consumption, the availability of the substrates, the activity of enzymes implicated in
energy transfer etc. In addition to the metabolic maturation, the heart undergoes
significant development and rearrangement of the intracellular organization, leading to
a more organized and compartmentalized architecture in adult cardiomyocytes. Namely,
during the maturation of cardiomyocytes, there is a significant increase in the volume of
intracellular structures like myofilaments, SR and mitochondria, and a decrease in the
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cytosolic compartment (Piquereau et al., 2010). Further development of the specialized
structures engaged in EC coupling, such as SR and transverse tubules (t-tubules), cause
the formation of a compartmented Ca?* handling system. At the same time, as a result of
the growth and remodelling of the mitochondrial network, the mitochondria become
densely packed and organized in a crystal-like pattern together with the multiple parallel
rows of myofilaments leading to the formation of the energetic microdomains (Vendelin
et al., 2005; Birkedal et al., 2006, 2014).

The efficient and fast energy transfer between ATP-producing mitochondria and
ATP-consuming ATPases plays a crucial role in cardiac energetics. Energy transfer can
take place through a direct diffusion of ATP and ADP, diffusion facilitated by
phosphotransfer systems, or both (Figure 3). The speed of the diffusion depends on the
distance and obstacles that adenine nucleotides must overcome. The close association
of mitochondria with SR or myofilaments, leading to a direct adenine nucleotide
channelling, improves the communication between the mitochondria and ATPases
(Kaasik et al., 2001). The heart is known for its high metabolic stability, keeping ADP levels
unaltered even during significant changes in workload (Katz et al., 1989; Balaban, 2002).
However, although ADP concentration in the cell, varying in the micromolar range
(10-35 uM), is much lower than millimolar concentrations of ATP (3-5 mM) and
Pi (1.5-2 mM), it plays a crucial role in energetics (Wallimann et al., 1992). Near ATPases,
when ATP is hydrolysed (ATP + H,O = ADP + P;), ADP has to be removed as fast as possible.
This will ensure sufficient phosphorylation potential and hence, free energy available from

ATP hydrolysis (AG = AG® + RTIn [ADP][P;]
[ATP]

One could calculate using this equation and assuming that standard free energy of ATP
hydrolysis AG® = -30 kJ/mol, universal gas constant R = 8.314 kJ/mol, temperature
T = 310.15 K the influence of varying concentrations of ATP, ADP and Pi on AG.
Consequently, even small increases (in the micromolar range) in ADP concentration
result in a much more significant impact on free energy released from ATP hydrolysis
than comparable changes in ATP concentration. Therefore, it was assumed that
specialized energy transfer systems are essential to maintain the phosphorylation
potential near ATPases. The family of CK isoenzymes is traditionally considered the main
phosphotransfer system.

), needed to drive ATP-dependent reactions.

1.2 Creatine kinase system

CK catalyzes the reversible phosphoryl transfer between ATP/creatine (Cr) and
ADP/phosphocreatine (PCr) (ATP + Cr ¢ ADP + PCr), facilitating energy transfer between
mitochondria and ATPases (Wyss and Kaddurah-Daouk, 2000). Although PCr (Eggleton
and Eggleton, 1928) and ATP (Fiske and Subbarow, 1929) were discovered almost at the
same time in the late 1920s, for more than thirty years, PCr was thought to be the
primary energy source in the body. Lohmann first recognized the CK reaction in 1934
during his studies of muscle contraction (Bessman and Carpenter, 1985). Subsequently,
CK was purified and crystallized from a rabbit muscle by Kuby et al. (Kuby et al., 1954).
In 1962, Cain and Davies showed that the energy released during ATP hydrolysis is used
for muscle contraction, but ATP levels decline if CK is inhibited (Cain and Davies, 1962).
This suggested that PCr used by CK can buffer ATP levels.

The substrate for CK reaction, Cr, is a naturally occurring compound obtained from
the diet or synthesized in the body, mainly in the kidney and liver, from arginine, glycine,
and methionine (Figure 3). Cr is synthesized by two enzymatic reactions involving
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L-arginine:glycine amidinotransferase (AGAT; EC 2.1.4.1), catalysing the transfer of an
amidino group from arginine to glycine, yielding guanidinoacetate (GA) and ornithine,
and guanidinoacetate methyltransferase (GAMT; EC 2.1.1.2), methylating GA to form Cr
(Wyss and Kaddurah-Daouk, 2000). Further, Cr is distributed by the bloodstream to the
various tissues, where it is imported across the cell membrane through a specific Cr
transporter (CrT or SLC6A8). PCr and Cr concentrations vary with muscle type, but they
are typically found in the range of 20—35 mM and 5—10 mM, respectively (Wallimann
et al., 1992). Finally, Cr is converted nonenzymatically to creatinine and excreted by the
kidneys.

Kidney Liver
L S - adenosylmethionine S - adenosylhomocysteine
Lysine Argininé  gcine A
CREATINE
m GAMT BIOSYNTHESIS
Homoarginine .o GAA GAA Creatine
@ Q* , CREATINE
Bloodst UPTAKE
oodstream ) Cr transporter
I
//Cardiomyocyte °. 0 \4 Myofibrils \\
o ——
@ P — ATP
T CREATINE
PCr/Cr shuttle KINASE SYSTEM

i
Direct diffusion of ADP/ (20E

\\Mitochondria //
Figure 3. Creatine (Cr) synthesis and creatine kinase (CK) system. Cr is synthesised mainly in the
kidney and liver or obtained via food. The first reaction catalysed by AGAT in the kidney yields
either homoarginine (hArg) or creatine precursor guanidinoacetate (GAA), which is transported
through the bloodstream to the liver and pancreas, where it is further converted to Cr by GAMT.
Next, Cr is released into the bloodstream and transported to the organs of utilization, where the
Cr transporter takes it up. In the cell, mitochondrial CK (mtCK), localized in the intermembrane
space of mitochondria, catalyses the transfer of phosphoryl group from ATP produced by
oxidative phosphorylation (OXPhos) to Cr, forming ADP and PCr. PCr diffuses to sites of energy
utilization, where it is used by cytosolic CK (MM-CK) to regenerate ATP from ADP, liberated from
ATP hydrolysis by ATPases. Released Cr diffuses back to the mitochondria. PCr/Cr shuttle is
conducted in parallel with a direct diffusional exchange of ADP and ATP.

CK is mainly expressed at prominent levels in cells with high and fluctuating energy
demands, such as skeletal, cardiac and brain cells. Furthermore, it is expressed at
significant levels in smooth muscle, kidney, retina photoreceptor cells, spermatozoa and
sensory hair cells of the inner ear (Wallimann et al. 1992; Saks et al. 2007). There are four
genes for CK found in vertebrate tissues, which are named according to the tissue in
which they were first identified: two cytosolic forms, muscle-type CK (M-CK) and
brain-type CK (B-CK), and two mitochondrial forms (mtCK), sarcomeric mtCK (smtCK)
expressed mainly in striated muscle tissue (skeletal and heart) and ubiquitous mtCK
(umtCK) expressed in the rest of the tissues (Wallimann et al., 1992; Wyss et al., 1992).
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In vivo, cytosolic M-CK and B-CK subunits combine into homo- or hetero-dimers, forming
MM-CK, BB-CK and MB-CK isoenzymes. Whereas MM-CK is rather specific in
differentiated skeletal muscles, BB-CK is widely distributed in the brain and many other
tissues, and MM-, MB-, and BB-CK are found in the heart (Wallimann et al., 2011). Both
mtCK isoforms form homodimers and homooctamers but usually exist as octamers.
MM-CK is either free in the cytoplasm, or exists as a structural protein of the
myofilaments functionally coupled to myosin-ATPases (Wallimann et al., 1984; Hornemann
et al., 2000), or is firmly bound near and functionally coupled to Na*-K*-ATPase (NKA)
(Grosse et al., 1980), Ca%-ATPase SERCA (Rossi et al., 1990; Minajeva et al., 1996;
Ventura-Clapier et al., 1998), and ATP-sensitive K* channel (Crawford et al., 2002) (Figure
1). The functional coupling of CK with ATPases maintains a high local ATP/ADP ratio near
the sites of energy consumption. Thus, CK acts as a temporal energy buffer, regenerating
ATP from PCr and ADP and providing an efficient energy supply for contraction and Ca?*
uptake (Veksler et al., 1997; De Sousa E. et al.,, 1999). Moreover, CK maintains
phosphorylation potential at a sufficient level, preventing an increase in ADP level near
ATPases. MtCK is localised in the intermembrane space of mitochondria and interacts
with voltage dependent anion carrier (VDAC) in the mitochondrial outer membrane
(MOM) and adenine nucleotide translocase (ANT) in the mitochondrial inner membrane.
The functional coupling of mtCK and ANT helps to maintain a low ATP/ADP level near the
sites of energy production, where it catalyses the transfer of phosphate from ATP to Cr,
and regenerated ADP is used to stimulate mitochondrial oxidative phosphorylation
(Wallimann et al., 1992; Vendelin et al., 2004).

In addition to temporal buffering function, CK was suggested to function as a spatial
buffering system providing energy transfer through PCr/Cr shuttle, where no net
consumption of high-energy phosphoryls occurs (Bessman and Geiger, 1981). In this
shuttle, the CK system facilitates the diffusion of ATP and ADP between ATPases and
mitochondria, forming a parallel energy circuit with PCr and Cr (Figure 3). The speed of
diffusion of metabolites in solution depends on the absolute difference in their
concentrations and diffusion coefficient. Since PCr and Cr are smaller molecules than ADP

and ATP, they diffuse faster (Meyer et al., 1984). Moreover, due to the fast CK reaction
[cr][ATP

L _ 166 (Lawson and Veech, 1979),
[PCT][ADP]
even a small change in ADP concentration leads to a greater change in Cr concentration,
amplifying the ADP signal. In this way, due to the larger diffusion coefficient and
concentration gradient, Cr diffuses faster than ADP from ATPases to mitochondria.

Since the discovery of the PCr/Cr shuttle, the importance of CK system as an energy
transfer system, especially in the heart, has been the subject of discussion (Bessman and
Carpenter, 1985; Wallimann et al., 1992; Saks et al., 1994; Joubert et al., 2002; Dzeja and
Terzic, 2003). For instance, Meyer et al. proposed that energy transfer catalysed by CK is
just a consequence of the CK reaction and that it is not vital in cardiac muscle, where
diffusion distances are small. That means that CK is mainly important in the heart as a
temporal energy buffer, regenerating ATP when energy consumption exceeds energy
production. Furthermore, the temporal and spatial buffering functions of the CK system
are actually very closely connected and cannot be considered separately (Meyer et al.,
1984). In addition, the modelling results of NMR measurements on perfused rat hearts
proposed that, under normal conditions, both ATP/ADP and PCr/Cr diffusion could
contribute to energy transfer between energy production and utilization sites. However,
at increased workloads, CK-mediated transfer could be bypassed by direct ATP transport
(Vendelin et al., 2010).

rate and high equilibrium constant K.x =
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1.3  The role of intracellular compartmentation in energy transfer

In the heart, where the fast energy transfer is of great importance in matching energy
demand with supply, the diffusion of ADP and ATP is restricted by diffusion barriers,
localised mainly at the level of MOM or in the cytosol, and composed of physical
membrane structures and protein-dense domains in myofilaments (Birkedal et al., 2014).
Although these barriers' exact location and identity are still uncertain, the primary
candidates are SR and MOM. The membrane structures within the cell, represented by
SR, mitochondria, and t-tubules, together with myofibrils, form intracellular
compartments, known as modules or intracellular energetic units (Saks et al., 2001) with
local concentration of ATP, ADP and Pi. Thereby, the location of diffusion barriers plays a
role in defining whether they promote or restrict diffusion. In comparison to the slower
overall diffusion across numerous compartments, the shorter diffusion distances within
the modules lead to faster diffusion of the molecules and hence faster energy transfer.
It was suggested that the CK system plays a pivotal role in overcoming diffusion obstacles
at the level of MOM within each separate module by facilitating energy transfer between
mitochondria and ATPases (Saks et al., 1993). Therefore, the CK system as a spatial
energy buffer could be important in the tissues, where diffusion of ATP/ADP is restricted,
or, in the cells with longer diffusion distances, as in polar cells such as spermatozoa,
retina photoreceptor cells, etc. (Wallimann et al., 2011). Knowing precisely which
intracellular structures represent diffusion barriers and where they are located will
improve our understanding of the functional role of the CK system in regulating energy
metabolism.

In this thesis, the overall aim was to study how the absence of a functional CK system
affects cardiomyocyte function and, from that, to learn more about the role of CK in the
heart.
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2 The role of creatine kinase and other phosphotransfer
systems in the heart

2.1  Animal models with altered creatine kinase system

To gain a deeper insight into the role of CK-catalysed reactions in regulating cardiac
energy homeostasis, pharmacological and genetic techniques have been employed to
modify the CK system functioning in various research models.

2.1.1 Pharmacological inhibition

One of the pharmacological inhibition studies includes the usage of iodoacetamide (IA),
an alkylating agent that precludes the formation of disulphide bonds, causing a fast and
irreversible inhibition of the CK enzyme activity (Hamman et al., 1995; Tian and Ingwall,
1996). 1A is highly toxic and could be used only for acute ex vivo experiments (Lygate and
Neubauer, 2014). In addition, IA has been shown to inhibit glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (Fossel and Hoefeler, 1987). Thus, its limiting effect on
glycolysis cannot be entirely excluded, although, in one paper, an unchanged myocardial
glycolytic rate was reported in the presence of IA (Tian et al., 1997). Moreover, as IA
inhibits equally all CK isoforms, it gives limited insight into the characteristic impact of
different CK isoforms colocalised with various intracellular structures. The effect of acute
inhibition of CK activity was minimal under basal conditions, showing normal cardiac
performance, and the suppression of cardiac contractile reserve was only observed
under stress conditions (high workload) (Hamman et al., 1995; Tian and Ingwall, 1996;
Ren et al., 2009).

Another approach to chemical inhibition involves the usage of beta-guanidinopropionic
acid (B-GPA), a creatine analogue that competes with Cr for cellular uptake by CrT
(Oudman et al., 2013), leading to a reduction in Cr. Although CK can phosphorylate
B-GPA, it is a poor substrate for mitochondrial CK. The effect of B-GPA is prolonged and
becomes discernible only over time, resulting in variable and incomplete Cr depletion,
leading to the reduction of the body weight and inducing various metabolic adaptations
[reviewed in (Wyss and Kaddurah-Daouk, 2000; Oudman et al., 2013)]. In skeletal muscle,
B-GPA treatment leads to increased aerobic capacity and diminished glycolytic potential.
In contrast, in the hearts of Cr-depleted rats, the changes in metabolic regulation and the
reduction of myocardial contractility were minimal. However, rat hearts exhibit
significant hypertrophy as a complication of chronic B-GPA treatment (Mekhfi et al.,
1990; Clark et al., 1994). Therefore, due to the limitations and side effects of this
technique, the corresponding studies reported variable results. In all studies, the apparent
impact of CK deficiency came into view mainly at higher workloads.

2.1.2 Genetically modified animal models

The development in the field of genetically manipulated animal models led to the
generation of mouse models lacking various components of the CK system. First, mice
deficient in different CK isoforms such as muscle isoform or M-CK KO (van Deursen et al.,
1993), sarcomeric mitochondrial isoform or mtCK KO (Steeghs et al., 1997b), and both
muscle and mitochondrial CK isoforms or CK KO (Steeghs et al., 1997a), were generated.
Later, creatine-deficient mouse models lacking either one of the Cr synthesis enzymes,
GAMT KO (Schmidt et al., 2004) and AGAT KO (Choe et al., 2013b), or Cr transporter, CrT
KO (Skelton et al., 2011; Stockebrand et al., 2018), were created. Compared to
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pharmacologically inhibited models, transgenic mouse models were expected to render
a greater specificity and a more thorough CK system obstruction.

The mouse knockout models for all muscle CK isoforms have been created and
extensively investigated during the last 30 years (starting from the early 90s).
Surprisingly, given the assumed pivotal significance of the CK system in regulating energy
homeostasis, the CK KO mice were viable and normal in appearance. The findings of the
studies on their cardiac phenotype were quite variable between different groups, some
demonstrating the prevalence of functional alterations and adaptations in CK KO mice
(Boehm et al., 2000; Kaasik et al., 2001; Nahrendorf et al., 2005), others showing more
prominent changes in cardiac energetics (Saupe et al., 1998, 2000). Nevertheless, the
energetics of CK KO mice was significantly altered, revealing the increase in ADP
concentration and decrease in free energy released from ATP hydrolysis during high
workload (Saupe et al., 1998), as well as lower PCr levels and ATP synthesis rate (Saupe
et al., 2000). The basal cardiac performance of these animals was normal, showing minor
impairments caused by the absence of a functional CK system (Nahrendorf et al., 2006).

Some previously published works using CK KO or mtCK KO mice reported rather
contradictory results, showing either the presence (Kaasik et al., 2001; Gustafson and
van Beek, 2002; Spindler et al., 2002; Nahrendorf et al., 2005, 2006) or the absence
(Saupe et al., 1998; Bonz et al., 2002; Spindler et al., 2004) of cardiac hypertrophy in
mice on a mixed genetic background (C57BL/6 and 129/Sv). In the study using mtCK KO
mice on a pure C57BL/6 background, no LV hypertrophy was detected (Lygate et al.,
2009). Moreover, compensatory adaptations that were not observed previously, such as
increased MM-CK activity and mitochondrial content, were presented. Therefore, the
disparity between the earlier studies could be explained in part by using the mice on a
mixed genetic background and unrelated C57BL/6 as controls (non-littermate controls).
Later, the same group showed that appropriate genetic background and concomitant
genetic drift, together with gender and age, are crucial in developing congestive heart
failure in CK KO, as only ageing males on mixed background developed LV hypertrophy
contractile dysfunction (Lygate et al., 2012b).

2.1.3 Creatine-deficient mouse models

Alternative mouse models with a modified CK system are Cr-deficient mice (AGAT KO,
GAMT KO, CrT KO). In the current PhD thesis, two of them were used, both lacking one
of the enzymes that participate in Cr synthesis, either L-arginine:glycine
amidinotransferase (AGAT) or guanidinoacetate N-methyltranferase (GAMT), that
results in their whole-body Cr and PCr deficiency (Schmidt et al., 2004; Choe et al.,
2013b). These animal models are remarkable since intracellular CK expression stays
intact and CK reaction is inactive through the absence of Cr.

The basal cardiac function and structure of GAMT KO were minimally disturbed under
baseline conditions and stayed normal up to 1 year of age (Hove et al., 2005; Schneider
et al., 2008). For instance, cardiac hypertrophy was absent, the ejection fraction was
normal, and only LV systolic pressure was slightly lower. However, in the recent research
conducted by Lygate group, when cardiac function and metabolic profile were studied in
over 1-year-old GAMT KO mice, the development of GAMT KO phenotype with age was
demonstrated (Aksentijevi¢ et al., 2020). It was the first study to show adaptational
changes, such as a decline in cardiac function and mitochondrial volume, caused by
prolonged creatine-deficiency and GAA accumulation in GAMT KO hearts. As hemodynamic
modifications, such as lower heart rate and left ventricular (LV) systolic pressure, and
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slower pressure generation and relaxation were not related to heart failure, it was
proposed that compensatory adaptations are adjusted in response to reduced energy
demand in ageing GAMT KO mice.

Although GAMT mice lack Cr, they accumulate the creatine precursor
guanidinoacetate (GAA), which can be phosphorylated by CK to phospho-guanidinoacetate
(P-GAA) and used instead of PCr. It was established that P-GAA could compensate to
some extent for the lack of PCr in skeletal muscle during acute ischaemia (Kan et al., 2004;
Hove et al., 2005), but it was not enough to support the recovery after reperfusion (Hove
et al. 2005). The participation of GAA in phosphotransfer via CK was previously thought
to be negligible, as CK reaction rate was 100-fold lower with P-GAA than with Cr when
measured in vitro (Boehm et al., 1996). Moreover, as mtCK does not react with GAA,
it cannot be used instead of Cr in energy transfer across MOM. These results were
complemented with in vivo measurements of CK reaction velocity, where ATP synthesis
from P-GAA was undetectable (Lygate et al., 2013). Furthermore, there could be some
adverse effects caused by GAA accumulation associated with ageing (Aksentijevi¢ et al.,
2020) or similar to those observed in rat brain, leading to Na*/K* pump inhibition or
reduction of glutamate uptake and antioxidant capacity (Zugno et al., 2003, 2007, 2008).
Although seizures have not been reported in the GAMT KO mice (Rossi et al., 2021),
Schulze et al. demonstrated abnormal electrical rhythms in the brain of young GAMT KO
compared to WT, pointing to an electrical seizure activity that was reduced in response
to GAA lowering (Schulze et al., 2016). GAMT KO animals from the mouse colony kept in
our animal facility experience seizures, usually starting from around one year of age
(personal observations; unpublished). Therefore, when studying cardiac function in ageing
GAMT KO mice, the effect of epileptic seizures on whole body metabolism cannot be
excluded.

AGAT is the first enzyme in Cr biosynthesis pathway that catalyses GAA formation.
Therefore AGAT KO, considered a pure creatine-deficiency mouse model, does not
accumulate GAA (Choe et al., 2013b). However, AGAT KO have low levels of homoarginine
(hArg) (Figure 3)(Choe et al., 2013a), another AGAT product and an indicator for cardiac
disease and stroke outcome (Marz et al., 2010; Pilz et al., 2011). Due to creatine-deficiency,
AGAT KO mice exhibited reduced ATP and elevated Pi levels, leading to chronic activation
of adenosine monophosphate (AMP)-activated protein kinase (AMPK) in skeletal muscle,
liver and adipose tissue, but not in cardiac muscles (Choe et al., 2013b; Faller et al., 2018).
AMPK is a metabolic energy sensor associated with cardioprotection and stress
adaptation, which is activated by AMP under low energy conditions (energetic stress)
(Pucar et al., 2004; Dolinsky and Dyck, 2006). In addition, enhanced glucose tolerance,
reduced lipid accumulation, and protection from metabolic syndrome were
demonstrated in AGAT KO mice (Choe et al., 2013b). The activation of AMPK leads to a
shift in the overall metabolism of AGAT KO mice to a catabolic state, inducing
upregulation of ATP-generating pathways and inhibition of ATP-consuming processes
(Choe et al., 2013b). That was also confirmed by different alterations in metabolic gene
expression found in skeletal muscles of AGAT KO (Stockebrand et al., 2016).

Knockout of the creatine transporter (CrT) results in a third model of creatine-deficiency.
The outcomes of studies using different CrT KO mouse models were sometimes
contradictory, showing, for instance, variable residual Cr levels in the heart, and were
focused mainly on brain function (Skelton et al., 2011; Baroncelli et al., 2014; Wawro
et al., 2021). Moreover, cardiac phenotype has not been reported for any CrT KO mouse
models. Detailed characterization of Cr loss effect on skeletal muscle by Stockebrand
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et al. revealed that the muscular phenotype of CrT KO resembled that of AGAT KO
(Nabuurs et al., 2013). They detected lower muscle strength, severe muscle atrophy and
similar metabolic changes, such as reduced PCr and ATP levels and increased glucose
tolerance, leading to AMPK activation (Stockebrand et al., 2018).

Both CK KO and creatine-deficient mouse models exhibit a similar shift of the skeletal
muscles towards a more aerobic metabolism. That is expressed in elevated mitochondrial
volume and increased activity of citrate synthase and cytochrome oxidase, markers of
mitochondrial volume density and aerobic capacity, respectively (van Deursen et al., 1993;
Steeghs et al., 1997a; Schmidt et al., 2004; Nabuurs et al., 2013; Barsunova et al., 2020).
In contrast to CK KO models having normal body weight (Momken et al., 2005),
creatine-deficient mouse models (GAMT, AGAT KO), with their muscle atrophy and lower
body weight, show a more severe phenotype. Although both GAMT and AGAT KO are
deprived of Cr, GAMT KO phenotype (Schmidt et al., 2004) is generally milder than the
AGAT KO phenotype (Nabuurs et al., 2013). For instance, muscle atrophy and changes in
the activities of marker enzymes of muscle phenotype were more prominent in AGAT
than in GAMT KO mice (Barsunova et al.,, 2020). The muscle phenotype differences
between AGAT and GAMT KO could be explained, as noted above, by the fact that P-GAA
can partially substitute for PCr in GAMT KO mice, albeit with lower efficiency (Boehm
et al.,, 1996; Kan et al., 2004; Hove et al., 2005; Balestrino and Adriano, 2020; Sasani
et al., 2020).

2.1.4 Limitations associated with use of AGAT KO mice

When studying the cardiac function of AGAT KO mice, it should be considered that since
Cr is synthesized in the liver and transported to the organs for utilization by the circulatory
system, it is absent in the whole body of creatine-deficient mice. Therefore, the effect of
systemic changes and adaptations in whole body signalling on phenotype occurring during
the development due to creatine-deficiency cannot be excluded. These modifications
activate and maintain the subsequent structural and functional reorganization of the
heart (Taegtmeyer et al.,, 2005). Functional remodelling includes alterations in the
expression of various metabolic genes detected in skeletal muscle, brain and heart of
AGAT KO mice (Stockebrand et al., 2016; Jensen et al., 2020b, 2020a). In the skeletal
muscles of AGAT KO mice, chronic activation of AMPK leads to the shift in metabolic
signalling by downregulation of anabolic or energy-requiring pathways and stimulation
of catabolic or energy-saving and -producing pathways (Choe et al., 2013b). In addition
to the skeletal muscle, fat and liver, decreased Cr levels in the brain of AGAT KO mice lead
to elevated phosphorylation of AMPK (Choe et al., 2013b), and hence, its upregulation in
the hypothalamus, which is known for its essential regulatory role on the whole-body
metabolism (Liu et al., 2021). Therefore, it remains unclear whether the absence of a
functional CK system is directly responsible for adaptational changes revealed in AGAT
KO mice or other internal systemic stimuli could have caused these modifications.

2.2  The impact of creatine kinase system impairment on cardiac
function under stress conditions

Under acute myocardial stress conditions, either due to ischemia or an increase in cardiac
work, the cardiac function of CK, as well as GAMT KO, was compromised, showing limited

contractile reserve and reduced functional recovery from ischemia-reperfusion (I-R)
injury (Crozatier et al., 2002; Spindler et al., 2004). However, the response to chronic
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myocardial infarction (MI) represented by survival, in vivo cardiac function, and LV
structural remodelling, were unchanged in both GAMT KO (Lygate et al., 2013) and CK
KO (Nahrendorf et al., 2005, 2006), when compared to corresponding WT controls.
Besides, the maximal exercise capacity of GAMT KO mice was similar to their wild-type
littermates (Lygate et al., 2013). Thereby, it was suggested that deprivation of both CK
and Cr do not aggravate contractile dysfunction in heart failure. In contrast, experiments
using rats deprived of Cr with B-GPA before Ml demonstrated 93-100% (Horn et al., 2001;
Lorentzon et al., 2007) of animal mortality within 24-hours. Species differences could
partly explain this discrepancy since rats were predisposed to increased ventricular
arrhythmia after Ml (Lygate, 2006; Lorentzon et al., 2007). The authors of the mouse
studies tried to exclude off-target effects of B-GPA, showing unchanged animal mortality
between control and KO groups when they received B-GPA instantly before and after Ml
(Lygate et al., 2013). However, since the effect of B-GPA depends on the duration of the
treatment, these results are unconvincing due to the short duration of B-GPA
administration. Therefore, the potential side effects of B-GPA treatment should be still
taken into consideration. However, since B-GPA has multiple targets in the living
organism and is not specific only to the CK system, sometimes it could be difficult to
distinguish between confounding side effects and effects associated only with energy
starvation induced by B-GPA treatment (Wyss and Kaddurah-Daouk, 2000). On the other
hand, when rats were fed with B-GPA after MI, decreased levels of ATP and Cr, but
unchanged mortality was detected (Horn et al., 2001), suggesting in agreement with
GAMT KO (Lygate et al., 2013), that prolonged creatine-deficiency is not crucial in the
progression of heart failure.

Overall, despite the previously acknowledged determinative role of the CK system in
the regulation of myocardial metabolism and progression of heart failure, CK KO and
creatine-deficient models, as well as B-GPA treated animals, demonstrated that
impairment of the CK system is, for the most part, not detrimental, as there are no changes
in basal cardiac function or the progression of heart failure. In contrast, augmentation of
the CK system due to overexpression of M-CK or mtCK was shown to have protective
effects, such as improved cardiac contractile function and viability, against induced heart
failure (Akki et al., 2012; Gupta et al., 2012; Whittington et al., 2018). However, studies
using other models of CK system augmentation, Cr transporter overexpression (CrTOE),
exhibited discrepant results (Wallis et al., 2005). Surprisingly, very high levels of Cr were
demonstrated to be disadvantageous and lead to progressive cardiac dysfunction (Wallis
et al., 2005; Phillips et al., 2010), while a moderate increase in creatine level, although
not beneficial in chronic heart failure, protected CrTOE mice from acute myocardial
infarction by reducing their susceptibility to cardiac I-R injury (Lygate et al., 2012a).

2.3 Ultrastructural organization and mitochondrial respiration in
creatine kinase and GAMT KO mice

Previous studies on mice lacking both cytosolic and mitochondrial CK isoforms revealed
cytoarchitectural modifications and changes in the regulation of mitochondrial
respiration in the heart (Kaasik et al., 2001). Namely, disorganization of mitochondrial
and myofilament structures and higher apparent ADP affinity of respiration were
detected in CK KO compared to WT. The changes in ultrastructure led to a reduction of
the diffusion distances and promoted direct adenine nucleotide channelling between
mitochondria and ATPases. This could at least partially explain the minimal changes in
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cardiac performance revealed in CK KO mice (Nahrendorf et al., 2006). Thereby, in our
study, we aimed to determine whether similar compensatory changes could be
detected in GAMT KO (Publication I) (Schmidt et al., 2004).

In GAMT KO, no adaptations neither in the mitochondrial organization nor in the
regulation of mitochondrial respiration and intracellular compartmentation were
detected in this study (Publication ). Besides, unchanged diffusion across MOM,
suggested by mathematical modelling, points to a minor role of mtCK in promoting
energy transfer across mitochondrial membranes. The findings from Lygate’s group
complemented these results, showing unchanged adenylate kinase activity and
mitochondrial respiration in GAMT KO in comparison to WT (Lygate et al., 2013), as well
as unchanged regulation of mitochondrial respiration in ageing GAMT KO (Aksentijevié¢
et al., 2020). The discrepancy between our findings and results from CK KO mice could
be again explained by differences in genetic background, the same way as it was
previously reported for CK KO and mtCK KO. In addition, it is still unclear how much GAA
isinvolved in CK-catalysed reactions, so its compensatory role as an energy source cannot
be excluded, even though the flux of CK reaction is much lower when GAA is used instead
of Cr (Boehm et al., 1996).

24 Role of alternative phosphotransfer systems in energy transfer

Apart from the CK system, the major phosphotransfer system, cardiomyocytes have
other energy transfer systems implicated in the regulation of cellular bioenergetics,
such as adenylate kinase (AK) and glycolytic enzymes (Dzeja and Terzic, 2003). These
systems can at least partially compensate for each other by facilitating the diffusion of
ATP and ADP between energy generation and utilization sites. This is possible due to
close intracellular localization and interaction of CK, AK, and glycolytic systems.
The involvement and contribution of each phosphotransfer enzyme vary between
species, tissues, developmental levels, and physiological conditions (Dzeja et al., 1998;
Neumann et al., 2003; Dzeja and Terzic, 2007). CK, AK and glycolytic enzymes also play a
role in the regulation of ATP-sensitive K* channel activity, one of the membrane
metabolic sensors that couples cellular metabolism to membrane potential and regulates
cardioprotection, ensuring the proper functioning of cardiomyocytes and contributing to
the maintenance of cellular homeostasis (Dzeja and Terzic, 1998; Abraham et al., 2002).
Moreover, the potential compensatory role for AK and glycolytic enzymes was
demonstrated by their upregulation in the hearts (Dzeja et al., 2011) of CK KO mice.
In line with these findings, the increasing role of glycolytic enzymes as an alternative
phosphotransfer system was also shown in CK and AK double KO mice (Janssen et al., 2003).

AKis known as the second most important system after CK, that promotes high-energy
phosphoryl flux by catalysing the reversible transfer of P; between ATP, ADP and AMP
(Dzeja et al., 1998; Dzeja and Terzic, 2009; Aksentijevi¢ et al., 2010), as well as takes part
in the compartmentalization of adenine nucleotides (Gellerich, 1992; Laterveer et al.,
1997). Although phosphotransfer catalysed by AK accounts only for ~ 1/10 of the total
ATP turnover (Dzeja et al., 1999b), its significance increases in response to metabolic
stress (Dzeja et al., 2007). For example, despite declined AK activity (Dzeja et al., 1999a),
the contribution of AK to overall phosphotransfer flux was elevated in dog hearts with
induced heart failure (Dzeja et al., 1999b). Although unchanged AK activity was reported
in another study using two different mouse models of chronic heart failure, it was
suggested that AK contribution to the overall phosphotransfer was still increased in
response to depressed CK function (Aksentijevi¢ et al., 2010). Considering the assumed
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importance of AK in the regulation of energy homeostasis in response to metabolic
stress, it was surprising that AK-overexpressing mice exhibited a decline in baseline
cardiac function and changes in metabolic profile and absence of anticipated
cardioprotective effect (Zervou et al., 2021). Thus, it was proposed that AK's role in the
regulation of basic myocardial homeostasis is more specific than just a response to stress.

The glycolytic enzymes, such as hexokinase (HK) and pyruvate kinase (PK), as well as
GAPDH and phosphoglycerate kinase, represent another system that facilitates energy
transfer and distribution of high-energy phosphates between mitochondria and ATPases
(Dzeja and Terzic, 2003; Dzeja et al., 2007; Chung et al., 2010). For instance, in rabbit
cardiac and skeletal muscles, the glycolytic enzymes were colocalized with SR and
functionally coupled to SERCA-ATPase, providing it with the energy needed for Ca’*
loading (Xu et al., 1995; Xu and Becker, 1998). In addition, in CK KO mice, impaired SR
Ca?* uptake was rescued by the glycolytic system, ensuring SERCA with energy in the
absence of CK, albeit only under baseline conditions (Boehm et al., 2000).

HK catalyses the first step of the glycolytic pathway by phosphorylating glucose to
glucose-6-phosphate using ATP as a phosphoryl source. The intracellular localisation of
the two main cardiac HK isoforms (HKI and HKII) is associated with the regulation of
glucose metabolism (John et al., 2011). Mitochondrially bound HKI directs glucose to the
glycolytic pathway, and HKII, due to its dynamic location, is related to glycogen synthesis
when detached from mitochondria and located in the cytoplasm. HK associated with
mitochondria is bound to the external part of the MOM through the VDAC-ANT complex
(Beutner et al., 1996; Brdiczka et al., 2006). As already mentioned, mitochondrial CK also
forms complexes with VDAC and ANT in the intermembrane space of mitochondria, but
HK and CK cannot bind to the same contact site (Brdiczka et al., 2006). Therefore, HK
competes with CK for VDAC-ANT interaction from the cytosolic side of the mitochondria.
The formation of these mitochondrial contact sites between inner and outer
mitochondrial membranes with CK or HK enables the direct channelling of ADP, formed
in CK and HK-catalysed reactions, to the oxidative phosphorylation in the mitochondrial
matrix (Gellerich et al., 1987). Thus, mitochondrial contact sites play a significant role in
regulating mitochondrial energetics. Moreover, mitochondrially associated HK is involved
in reactive oxygen species (ROS) production (da-Silva et al., 2004; Santiago et al., 2008)
and inhibition of mitochondrial permeability transition pore (Beutner et al., 1996;
Brdiczka et al., 2006), and hence regulation of cell death and apoptosis. All this points to
a significant contribution of mitochondrial HK to cardioprotection (Zuurbier et al., 2009;
Calmettes et al., 2015; Halestrap et al., 2015). Therefore, HK was chosen among other
glycolytic enzymes for further investigation in the following study.

2.5 Changes in alternative phosphotransfer systems in AGAT and
GAMT mouse cardiomyocytes

As we did not detect any adaptational changes due to inactivation of the CK system by
GAMT deficiency in Publication I, our second study, reported in Publication II,
was undertaken to determine whether the expression, activity and mitochondrial
association of AK and HK could be altered or upregulated in GAMT and AGAT KO
mouse hearts. Respective redistribution of energy fluxes via alternative phosphotransfer
routes in the absence of an active CK system could rescue cardiac energetics by
overcoming energetic shortage in mouse models deprived of Cr as was shown in CK KO
mice. However, in contrast to CK KO (Dzeja et al., 2011), in GAMT mice, the activity,
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expression and distribution of alternative phosphotransfer enzymes, presented by
AK and HK, were similar in KO and WT (Publication Il). In the same way, AK activity,
expression and mitochondrial association were unchanged in AGAT KO (Figure 4).
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Figure 4. Alternative phosphotransfer pathways in AGAT KO mice. The alterations in the activity or
subcellular localization of hexokinase (HK) or adenylate kinase (AK) as alternative phosphotransfer
systems compensating for the lack of functioning CK system, studied in creatine-deficient mouse
hearts. No change in the activities of cytosolic hexokinase (HK Il) and both mitochondrial (AK Il) and
cytosolic (AK 1) adenylate kinase isoforms is indicated by the green waves. Increased activity of
mitochondrial hexokinase isoform (HK 1) is indicated by the red arrow.

These results are consistent with the previous findings showing unchanged total AK
activity in GAMT and AGAT KO (Lygate et al., 2013; Faller et al., 2018). Nevertheless,
the elevation of AK activity during ageing was demonstrated in GAMT KO (Aksentijevi¢
et al., 2020). The only difference that was detected in Publication Il, was the increased
activity of HK in the mitochondrial fraction and accordingly elevated protein expression
of mitochondrial HK isoform (HKI) in AGAT KO hearts (Figure 4). However, as the
respiration rate stimulated by HK was lower in AGAT KO, it was proposed that this
upregulation of HKI is unlikely to compensate for the lack of the active CK system as a
spatial transfer buffer but rather could be important in mitochondrial regulation and ROS
production.

The absence of adaptive upregulation of AK- and HK-catalysed phosphotransfer in
creatine-deficient AGAT and GAMT hearts denotes that a substantial part of intracellular
phosphoryl transfer is conducted by direct diffusion of adenine nucleotides. In line with
this, measurements on the whole heart indicate that, under certain conditions, the
energy transfer is more likely carried out through direct ATP/ADP diffusion than PCr/Cr
(Vendelin et al., 2010). Furthermore, unchanged intracellular compartmentation, and
hence, a conserved modular organization in GAMT KO mice (Publication 1), speaks in
favor of undisturbed energy transfer within the modules. Therefore, along with the
absence of upregulation of alternative phosphotransfer systems in both GAMT and AGAT
mice (Publication 1), it is tempting to speculate that phosphotransfer systems are not
crucial for energy transfer between ATP-generating and ATP-utilizing sites across the
mitochondrial membrane in the mouse hearts at baseline. Together with high
mitochondrial content, and thus high oxidative capacity of the heart muscle this could
explain the relatively mild cardiac phenotype of AGAT and GAMT KO mice (Branovets
et al., 2013; Lygate et al., 2013; Faller et al., 2018).
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3 Creatine kinase and adenylate kinase activities in heart
homogenates and permeabilized cardiomyocytes from mice
and rats

For many years it has been believed that the ADP flux through CK exceeds the ADP flux
through mitochondrial respiration by an order of magnitude. This consensus has
emerged on the basis of studies on rat hearts. Furthermore, in previous works on rat
cardiomyocytes, it was shown that the ADP flux through mitochondrially associated CK
alone was sufficient to stimulate the mitochondrial respiration to its maximum (Gellerich
and Saks, 1982; Guzun et al., 2009; Timohhina et al., 2009; Tepp et al., 2011).
The mitochondrially associated CK is recorded by first stimulating respiration with ATP
and creatine, so CK generates ADP that stimulates respiration. Then, a competitive
ADP-trapping system consisting of phosphoenolpyruvate (PEP) and pyruvate kinase (PK)
in excess is added. PK competes with mitochondrial respiration for ADP in solution so
that respiration is stimulated only by ADP that is directly channelled from CK to
mitochondria. In previous works on rat hearts (Guzun et al., 2009; Timohhina et al., 2009;
Tepp et al., 2011), CK stimulated respiration to its maximal levels even in the presence of
PEP and PK. Our results from Publication Il, in which we studied mouse hearts,
contradicted this consensus. When all CK was activated, the mitochondrial respiration
was stimulated only to ~80% of its maximum. Thus, this was far from the finding that
ADP generation by CK is 10 times faster than ADP consumption by mitochondria (Bittl
and Ingwall, 1985; Ingwall, 2002). In addition, our results revealed that in the presence
of PEP and PK, only ~25% of maximal respiration was supported by CK through direct ADP
channelling to mitochondria (Publication Il). Although the literature reported relatively
similar CK activities in rat and mouse homogenates (Ventura-Clapier et al., 1998), this led
to the speculation whether there might be a species difference between mice and rats
in terms of CK capacity relative to the respiration and the fraction of mitochondrially
associated CK.

Another interesting finding in Publication Il was that AK activity seemed to be
exclusively in the cytosol. This was in agreement with previous findings demonstrating a
minimal AK activity in both rat and mouse heart mitochondria (Jacobus and Lehninger,
1973; Pucar et al.,, 2002; Noma, 2005). On the contrary, in another study, a strong
functional coupling between AK and mitochondrial respiration was shown in rat hearts
(Gellerich, 1992).

The study, summarized in Publication Ill, had two main aims. First, we wanted to
find out whether there are any species-dependent differences between rat and mouse
hearts concerning their total CK or AK activity and the capacity of CK or AK to stimulate
mitochondrial respiration, either relative to the maximal respiration or through ADP
channelling. Second, we wanted to understand how our previous results, showing the
inability of CK to stimulate respiration to its maximal levels (Publication Il), could be
compared with the findings in whole heart homogenates and in intact hearts. In both
mouse and rat hearts, the total enzyme activities of CK and AK were assessed in whole
heart homogenates, and CK- or AK-stimulated respiration measurements were
performed in permeabilized cardiomyocytes.

In Publication Ill, we found that ADP flux through CK was insufficient to maintain
mitochondrial respiration at the maximum level in both rat and mouse hearts, although
CK-stimulated respiration rate in relation to the maximal respiration rate (Vck/Vmax) was
lower in mice than in rats (~75% and ~89%, respectively). This was consistent with our
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previous results in mouse hearts in Publication II. In addition, we could not repeat the
findings from other studies on rat hearts (Guzun et al., 2009; Timohhina et al., 2009; Tepp
et al., 2011), showing unchanged CK-stimulated respiration rate in the presence of PEP
and PK. On the contrary, and consistent with our recent findings in mouse hearts
(Publication Il), the respiration rates were decreased after the addition of PEP and PK in
both rats and mice, with a smaller fraction of CK being inhibited in mouse compared to
rat hearts.

An unexpected outcome of this study was that the CK and AK activities in homogenates
and permeabilized cardiomyocytes were not the same. In both mouse and rat hearts,
the CK and AK activities were 2 and 9 times higher, respectively, in homogenates than in
permeabilized cardiomyocytes (Figure 5). This could be explained by the different
localized compartments in the intact intracellular milieu of cardiomyocytes, where the
concentration of substrates and products is different from the rest of the cell and
surrounding solution. Due to this compartmentation, the enzyme reaction is expected to
be slowed down by the diffusion of substrates and products to and from the
compartment.

Cell suspension Tissue homogenate

Solution

CK
—_—— == - 20mMC Solution
[ )@D 2 mM ATP

e | Cal AK
e ...

2 mM ATP

+ intact intracellular structure —_—
+ AK and CK compartmentalization  —
+ restricted diffusion of metabolites —

ATPase rate of CK and AK
pmol ADP/min-IU CS

0.30-0.37 CK activity 0.59-0.91
0.29-0.32 AK activity 2.80-2.97

Figure 5. In cardiac preparations from both rats and mice, the activities of creatine kinase (CK)
and, in particular, adenylate kinase (AK) are several times higher in homogenates compared to
permeabilized cardiomyocytes. CK and AK activities were assessed by stimulating their ATPase
rate with 2 mM ATP and 20 mM Cr, 2 mM ATP and 1 mM AMP, respectively. The presence or
absence of intact intracellular structure, compartmentalization of the enzymes and restricted
diffusion of metabolites is marked for each preparation, with green pluses and red minuses,
respectively.
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Intracellular compartmentation has been noticed in cardiomyocytes while studying
different processes. Cytosolic Ca?* environments, visualized with Ca* -sensitive
fluorescent dyes (Wang et al., 2004), are of great importance in regulating EC coupling
(Rios and Stern, 1997). Besides, mitochondrial Ca®*-uptake through MCU is also
facilitated by local areas with elevated Ca?* concentrations (local Ca** microdomains) due
to a close association of mitochondria and SR Ca?* release sites (Franzini-Armstrong,
2007; Williams et al., 2013). Recent findings suggest an increasing role for the VDAC in
the coordination of SR Ca?* release and mitochondrial Ca?*-uptake (Rosencrans et al.,
2021; Sander et al., 2021). Furthermore, the modulation of cyclic AMP (cAMP) signalling
by local compartments is another example of the role of local microenvironments in
cardiomyocytes (Kritzer et al., 2012; Mika et al., 2012). For instance, the membrane
barriers such as the t-tubular network or caveolae (smaller invagination of plasma
membrane) ensure closer physical proximity of cAMP with its diverse subcellular targets.
Therefore, caution should be taken while extrapolating the results received from
different processed preparations to the situation in vivo, as intracellular integrity and
structural and metabolic compartmentalization are of great importance in maintaining
the metabolic homeostasis of the heart.

In summary, in Publication lll, we were unable to reproduce data from other groups,
and we showed that the ADP flux through CK does not exceed the ADP flux through
mitochondrial respiration neither in rat nor mouse hearts. Thus, these results challenge
the consensus that the CK flux capacity is 10 times higher than the respiration flux
capacity. This may also explain why we observed relatively few adaptations in the
ATP-generating mitochondria in creatine-deficient mice (Publications I and Il). In contrast,
more changes were detected at the ATP-consuming sites, i.e. the ATPases responsible
for Ca?* handling and contraction of the heart. These changes will be described in the
following chapter.
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4 Calcium handling in mouse models with altered
creatine kinase system

4.1 The interplay between creatine kinase and excitation-
contraction coupling systems

The ATPases involved in EC coupling, such as myosin-ATPase, SERCA and Na*/K*-ATPase
are the main energy consumers in the heart. After ATP is generated in the mitochondria,
it diffuses to the sites of ATP utilization, where it is hydrolysed and released energy is
used by these ATPases to drive the EC coupling machinery (contraction, Ca* reuptake to
SR, ion homeostasis) (Figure 1).

As described above (section 1.1), Ca%"is an important regulator of different cellular
functions. Since Ca?* regulates ATP production by mitochondria as well as muscle
contraction and thus ATP consumption by ATPases, a close interplay between Ca?
dynamics and mitochondrial bioenergetics is essential for proper cardiac functioning.
Moreover, CK is coupled with the main ATP-utilizing ATPases involved in the EC coupling
mechanism and is structurally associated with the corresponding cellular structures
(Wallimann et al., 1992; Ventura-Clapier et al., 1998). Together with CK's role in
regulating ATP-sensitive K-channel activity (Abraham et al., 2002), it points to a close
interconnection between CK and EC coupling systems. To better understand this mutual
relationship, the influence of an altered CK system on Ca?* homeostasis and EC coupling
was studied in hearts of CK KO mouse models (Bonz et al., 2002; Crozatier et al., 2002;
Spindler et al., 2004). In one of the studies, the absence of CK-catalysed energy transfer
was proposed to be compensated by glycolytic pathways and tight interaction between
mitochondria and SR, allowing normal ventricular function at a basal level. However,
impaired contractile response to beta-adrenergic stimulation emerged both in vivo and
in vitro in skinned fibres and isolated cardiomyocytes (Crozatier et al., 2002). These
results were complemented by Spindler et al., showing the association of disturbed Ca?*
homeostasis with impaired recovery from I-R injury under acute energy demand
conditions in CK KO mice (Spindler et al., 2004). In creatine-deficient GAMT KO mice,
cardiac phenotype seems to be similar to CK KO, showing normal cardiac performance at
baseline, but blunted response to beta-adrenergic stimulation (Hove et al., 2005).
However, AGAT KO mice, considered a pure creatine-deficiency mouse model, lacking
both Cr and hArg, exhibit slower contractility already at baseline (Faller et al., 2018).

While there is a possible interaction between creatine-deficiency and EC coupling, EC
coupling and Ca?* handling, in particular, have not been previously systematically studied
in the creatine-deficient heart. The research performed in this thesis addresses this gap.

4.2 Calcium handling in patch clamped AGAT KO cardiomyocytes

Our next study, presented in Publication IV, was conducted to assess whether
alterations in Ca?* handling could explain the impaired contractility of AGAT KO hearts
(Faller et al.,, 2018). In this study, experimental results from electrophysiological
measurements on isolated cardiomyocytes from AGAT KO and WT mice were
complemented with analysis using mathematical modelling to assess whether Ca%
handling is modified (Publication IV). As a result, an overall decrease in Ca?* dynamics,
such as diminished Ca?* influx through LTTC, decreased LTCC inactivation, and slower Ca%*
transient decay, was reported. In addition, diminished Ca?* transfer between subspace
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and cytosol was predicted by mathematical modelling (Figure 6). The protein expression
of LTCC and SERCA was unchanged in AGAT KO compared to WT. Finally, impaired Ca2*
handling was fully recovered by lifelong dietary Cr supplementation.
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Figure 6. Altered Ca?* handling in patch clamped cardiomyocytes of AGAT KO. Reduced Ca?*
influx through LTCC, Ca?* transfer between dyadic space and cytosol, and Ca?* efflux through
SERCA are marked with red arrows.

In this work, the whole cell patch clamp technique was used. After attachment of the
pipette to and rupture of the cell membrane, the pipette solution was equilibrated with
the intracellular environment of the cell. Therefore, due to the presence of PCr in the
patch pipette solution for all experimental groups (control, KO, and KO+Cr) and
essentially unchanged CK activity reported previously in AGAT KO hearts (Faller et al.,
2018), long-term modifications in Ca?* handling independent of CK-catalysed
phosphotransfer were studied. That means that the activity, expression and regulation
of proteins related to EC coupling were mainly accountable for corresponding changes in
Ca?* cycling.

In Publication IV, the slower LTCC inactivation in AGAT KO was fully rescued by
adrenergic stimulation, which could have increased Ca?* release via RyR. In addition, Ca%
transient decay time was also rescued, although only partially, by adrenergic stimulation.
Therefore, together with the unchanged SERCA and LTCC total protein expression, the
implication of regulatory modifications, such as phosphorylation level of Ca?* handling
proteins, was proposed to be involved in altered Ca?* handling in AGAT KO.
Phosphorylation of the proteins is a mechanism playing a key role in the regulation of
multiple cellular processes. It could modify the activity, stability and intracellular
localization of proteins associated with various signalling pathways in the cell. SR has a
major role in managing Ca®* cycling in cardiomyocytes, and precise regulation and
interaction of RyR and SERCA functioning ensures a proper balance between Ca?*release
and uptake by SR. Thus, the protein expression and phosphorylation of RyR and SERCA
regulatory protein PLB, the most studied so far, were the object of investigation in the
following study.
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To further study Ca?* handling and EC coupling in creatine-deficient hearts, we
performed experiments under conditions closer to physiological conditions using
isolated cardiomyocytes from AGAT and GAMT KO mice. The results of this work are
discussed in the following section.

4.3  Calcium handling and excitation-contraction coupling in
creatine-deficient mouse cardiomyocytes under physiological
conditions

Due to the changes in Ca?*dynamics revealed in AGAT KO (Publication IV), in the following
study, summarised from Publication V, additional experiments were performed on
creatine-deficient mouse cardiomyocytes. In this work, the impact of creatine-deficiency
on EC coupling and Ca* handling proteins was assessed under conditions closer to
those occurring in vivo. Intact cells were field-stimulated, leading to an action potential
generation, while in Publication IV, cell stimulation was performed via a patch pipette.
In addition, in Publication V, Cr was absent in the AGAT and GAMT KO cardiomyocytes,
as in vivo for these animal models. The main results from Publication V are summarized
in Table 1 and discussed below.

4.3.1 Calcium-induced calcium release

Although smaller LTCC current was reported previously in AGAT KO (Publication IV),
larger amplitude and longer duration of Ca?* transients were detected in AGAT KO in
comparison to WT. In the experimental setup used in Publication IV, the contribution of
NCX operating in reverse mode (NCXrev) to Ca?* cycling was minimal, which could explain
similar amplitudes of Ca?* transients in AGAT KO and WT. In contrast, in intact cell
preparation used in Publication V, NCXrev could have had a more significant role in Ca?*
dynamics. An increase in Ca?* influx via the reverse mode of NCX could be one of the
reasons for the higher amplitude of Ca?* transients in AGAT KO. However, it is still unclear
whether it is only due to an adaptational increase in Ca? influx via the reverse mode of
NCX or increased CICR triggered via NCX and LTCC. Therefore, different Ca?* fluxes should
be investigated further to elucidate their contribution to increased Ca?* transient
amplitude in AGAT KO compared to WT.

In addition to Ca?* release via RyRs induced during EC coupling, local elementary Ca?
events, Ca?* sparks, could be spontaneously released from SR under unstimulated
conditions (Cheng et al.,, 1993; Cheng and Lederer, 2008). In the same experimental
setup as for Ca?* transients, we recorded Ca?* sparks at rest to check whether the
frequency and temporal and spatial characteristics of individual Ca?* events differed in
creatine-deficient mouse cardiomyocytes and could explain changes in CICR proposed
from patch clamp experiments. As a result, in Publication V, we found that the Ca?
sparks were more frequent, longer, and wider in AGAT KO compared to WT (Table 1).
Moreover, females exhibited more frequent sparks in all studied groups.

The supplementary measurements of RyR positioning that can affect Ca®* release
synchronicity and characteristics of the sparks showed unchanged RyR density in all
groups and alterations in RyR arrangement due to creatine-deficiency only in AGAT KO
females and not males when compared to corresponding WT. Thus, a higher number of
RyR clusters, but smaller in size, were demonstrated in AGAT KO females (Table 1).
In addition, the expression of the total protein and phosphorylated state of RyR were
unchanged between AGAT KO and WT.
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On the one hand, the modelling results from Sobie et al. study suggested that at lower
local cytosolic Ca?* concentrations, RyR clusters, depending on the regulation via coupled
gating (Marx et al., 2001), have a lower opening probability than uncoupled individual
RyRs (Sobie et al., 2006). The mutual regulation of RyR gating is associated with their
highly packed organization in the clusters. Since cooperative gating was recognized in
vitro in planar lipid bilayer experiments, it is still uncertain how it is actually regulated in
intact cells (Cheng and Lederer, 2008). Nevertheless, it could be assumed that smaller
RyR clusters, where coupling between RyRs is lower, are more likely to be activated.
Thus, they could have a theoretically higher probability of Ca%* release than bigger RyR
clusters. This could have been one of the possibilities for the higher Ca?* spark frequency,
but only in AGAT KO females compared to WT. However, this assumption is inconsistent
with the Ca?* spark measurements in males, showing unchanged RyR cluster size but
higher Ca%* spark frequency in KO versus WT. Moreover, in another study, the dependency
of higher spark frequency on bigger RyR cluster size was demonstrated (Galice et al.,
2018). Again, part of the results from Publication V is in line with this finding, such as
female WT, having larger RyR clusters, showed increased spark frequency than male WT.
However, it cannot explain the differences arising due to creatine-deficiency. This
inconsistency and lack of distinct correlation between changes in Ca?* spark measurements
and RyR arrangement point to the fact that other mechanisms could be involved.

One of the possible mechanisms would be that AGAT females are more sensitive to
Ca?*and tend to release Ca?* more easily, explaining both higher Ca* release and higher
Ca? spark frequency. Alternatively, on the basis of electrophysiological measurements
and mathematical modelling, it was suggested that Ca?* transfer between subsarcolemmal
space (dyadic space) and cytosol is reduced (Publication IV). In Publication IV, LTCC
current inactivation time was longer under control conditions and rescued by
beta-adrenergic stimulation with isoprenaline (1SO) in AGAT KO compared to WT. Thus,
the beta-adrenergic stimulation had a significantly larger effect in AGAT KO than in WT.
In line with this finding, ISO treatment had a more significant effect on Ca?* transient
amplitude than under control conditions in both intact (Publication V) and patch
clamped AGAT KO cardiomyocytes (Publication 1V), as well as Ca?* sparks were detected
only in the presence of ISO (Publication V). Therefore, it was proposed that 1SO
treatment restrict Ca?* diffusion from the dyadic space, leading to a higher Ca?*
concentration in dyadic space in AGAT KO and hence, to a larger Ca®* transient amplitude.
Similarly, the longer duration of Ca?*sparks is not necessarily caused only by higher Ca%
release via RyR, but also diffusion of Ca?* matters. In this sense, longer and wider sparks
could also be explained by the restricted diffusion of Ca®* from dyadic space to cytosol.

Ca?* release from SR via RyR is not regulated directly by ATPases, suggesting that
adaptive changes to creatine-deficiency in the properties of Ca%* sparks are not directly
connected to the absence of energy transfer catalyzed by CK. However, intracellular Ca%*
signalling is implemented in a circuit, and all processes involved are still coupled to each
other to a greater or lesser extent. Overall Ca?* fluxes in the cell must be balanced on a
beat-to-beat basis to avoid Ca?* mishandling leading to contractile dysfunction (Eisner
et al.,, 2017). Thus, the proposed increase in Ca?* entering the cell in AGAT KO should be
followed by a corresponding rise in Ca%* removal.

To study further the regulation of Ca?* release and explain the changes in properties
of Ca?* sparks and transients, we assessed the expression and phosphorylation of RyR.
In line with unchanged overall RyR density, protein expression levels of total and
phosphorylated forms of RyR were unaltered in AGAT KO and WT. The phosphorylation
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of the RyR, mainly by PKA or CaMKIl, is directly linked with its activity regulation.
However, despite extensive research, the functional consequences of RyR phosphorylation
remain highly debatable (George, 2008; Eschenhagen, 2010; Dobrev and Wehrens, 2014).
Regardless of this controversy between different studies, the importance of RyR in the
regulation of cardiac function under normal and pathophysiological conditions is
undoubtable (Santulli and Marks, 2015; Santulli et al., 2017). Although we showed
unaltered phosphorylation of RyR in AGAT KO, only one phosphorylation site, Ser2808,
phosphorylated by PKA, was checked. Therefore, as RyR could be phosphorylated at
multiple sites by different kinases, other targets for regulatory modifications in RyR
activity are of interest for future studies.

Several sex-dependent changes in Ca?* handling were revealed in AGAT KO
cardiomyocytes. Using Ca?* transient recordings, Ca?* release synchronicity was assessed,
showing higher systolic dyssynchrony of Ca?* transients only in AGAT KO females and
higher diastolic dyssynchrony in both females and males. During heart failure, the
heterogeneity of Ca?* release was previously associated with alterations in the t-tubular
network (Louch et al., 2010; Frisk et al., 2016; Kolstad et al., 2018). We also looked at the
t-tubular organization of cardiomyocytes from AGAT KO and WT. As a result, the t-tubular
network was less branched and shorter in total length only in AGAT KO males (compared
to WT littermates). In contrast to the reduction in transversal t-tubules in failing hearts,
in AGAT KO, a decrease only in longitudinal t-tubules was detected. This could be
the reason why changes in the t-tubular organization were not reflected in systolic
dyssynchrony of Ca?* transients in males.

In failing cardiomyocytes, dispersed RyR clusters were previously associated with
increased dyssynchrony of Ca?* transients (Kolstad et al., 2018). However, it was not the
case in AGAT KO cardiomyocytes in Publication V. On the one hand, smaller RyR clusters
in AGAT KO females were in line with higher systolic dyssynchrony of Ca?* transients.
On the other hand, the distribution of RyR clusters was similar in AGAT KO females and
WT males. Therefore, in Publication V, neither changes in t-tubular nor RyR cluster
organization could explain the increased dyssynchrony of Ca?* transients in female AGAT
KO mice.

In line with our previous findings in GAMT KO mice, where we did not detect any
potential adaptive modification in the regulation of mitochondrial energetics
(Publication | and II), Ca?* handling was also minimally affected in GAMT KO
cardiomyocytes. In particular, unchanged Ca?* transients, Ca?* release synchronicity, and
Ca?* sparks frequency were demonstrated in GAMT KO compared to WT.

4.3.2 Calciumremoval and cardiomyocyte relaxation

For relaxation of the heart, Ca?* has to be removed from the cytosol mainly by
energy-requiring uptake into SR by SERCA (around 90% of Ca?* reuptake in mouse
cardiomyocytes) and to a minor degree by the sarcolemmal Na*-Ca%* exchange via NCX
(Li et al., 1998; Bers, 2002). According to our previous findings showing slower SR Ca%
reuptake and thus decreased SERCA activity even in the presence of PCr (Publication IV),
we expected Ca?* transient decay to be slower in the absence of the functioning CK
system. However, in contrast to our expectations, when the rate of Ca? reuptake was
assessed from Ca?* transient recordings, no change between AGAT KO and WT was
detected (Publication V). According to our data, the Ca?* transient amplitude was larger,
meaning that more time was needed to eliminate CaZ* from the cytosol. Thus, the Ca?*
transient duration was longer, but the Ca?* reuptake rates were similar in AGAT KO and
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WT. In patch clamped experiments, although only partially, Ca?* transient decay time was
rescued by adrenergic stimulation (Publication IV). Therefore, together with unchanged
SERCA total protein expression (Publication IV)(Laasmaa et al., 2020), the implication of
regulatory modifications, such as phosphorylation level of phospholamban (PLB), SERCA
regulatory protein, was proposed to be involved in altered Ca?* handling in AGAT KO.
Unphosphorylated PLB bound to SERCA lowers its affinity to Ca?". At the same time,
phosphorylation of PLB in response to sympathetic stimulation leads to activation of the
SERCA pump and elevation of SR Ca?* loading (Periasamy et al., 2008). In the current
work, PLB expression and phosphorylation level were assessed. As a result, in line with
unchanged Ca?* uptake rates in AGAT KO, our data showed unaltered PLB protein
expression and extent of phosphorylation for both Serl6 and Thrl7 phosphorylation
sites.

Two hypotheses could explain the unchanged Ca?* decay rate in isolated
cardiomyocytes from AGAT KO. One of the explanations is that SERCA was probably not
energetically limited in intact cardiomyocytes and could be fueled with sufficient energy
for its functioning through direct ATP transfer from mitochondria. This point of view
agrees with the unchanged mitochondrial respiration and activities of alternative
phosphotransfer systems reported previously in creatine-deficient mouse
cardiomyocytes (Publication | and Il). Together, these results suggest that the functional
CK system in AGAT KO is not crucial in facilitating energy buffering and transfer between
mitochondria and ATPases under given conditions. Another hypothesis implies an
elevation of Ca?* efflux through NCX. Since an increased contribution of Ca?* influx
through NCX was suggested to influence higher Ca?* transient amplitudes in AGAT KO,
Ca?* efflux via NCX should also be increased to keep transsarcolemmal Ca?* fluxes
balanced. The implied increase in the contribution of NCX in Ca?* handling in AGAT KO is
in line with the situation in heart failure, where NCX is upregulated (Bers and Despa,
2006). In neonatal cardiomyocytes, which are more tolerant to an energy deficit,
the majority of Ca?* cycling is across the sarcolemma by NCX, which, together with a
higher degree of colocalization of NCX with RyR, plays a more prominent role in the
regulation of EC coupling that CICR from SR (Huang et al., 2008). These two hypotheses
are not mutually exclusive and cannot be distinguished based on the current data.
Thus, further studies are required in creatine-deficient mouse hearts to clarify the actual
contribution of SERCA and NCX to Ca?* reuptake and the relative organization of Ca?*
handling proteins.

Although the main adaptive modifications in Ca?* handling were detected in a pure
model of creatine-deficiency, AGAT KO, there were changes in diastolic Ca?* levels in
GAMT and AGAT KO. In particular, diastolic Ca?* levels were increased in both GAMT and
AGAT KO compared with corresponding WT. This result suggests that CaZ* elimination
from the cytosol was compromised in these mouse models.

4.3.3 Adaptive changes in excitation-contraction coupling in AGAT KO
cardiomyocytes

As significant alterations in Ca?* transients were found in Publication V, we studied
whether the contractility of isolated cardiomyocytes at different stimulation frequencies
was also affected. Although in AGAT KO cardiomyocytes, adrenergic stimulation with I1SO
led to increased Ca?* transient amplitude and shortened Ca?* transient duration,
the response to changes in frequencies was blunted. Surprisingly, the decreased Ca®*
transient duration was not reflected in sarcomere length (SL) shortening duration, which
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was not affected by ISO treatment. In addition, SL shortening amplitude was similar
between AGAT KO and WT under the control condition or with ISO treatment (Table 1).
Thus, in AGAT KO cardiomyocytes, the contraction measured under unloaded conditions
did not match the alterations in Ca?* handling. These results suggest the development of
adaptive modifications in the contractility of AGAT KO cardiomyocytes in response to
elevated Ca?* levels and longer Ca?* transient duration.

One of the reasons for such compensatory response in AGAT KO could be the changes
in Ca?* sensitivity at the myofibrillar level. The phosphorylation of Tnl, the inhibitory
subunit of Tn complex, following beta-adrenergic stimulation, leads to the lowering of
Ca? sensitivity of Tn complex and faster dissociation of Ca?* from the myofilaments
(Davis and Tikunova, 2008), and, consequently, to faster relaxation of cardiac muscle.
This was demonstrated in Publication V by diminished SL shortening duration in the
presence of ISO in all studied groups except AGAT KO. Thus, the absence of a similar
response in AGAT KO cardiomyocytes could be explained by potential alterations in
myofibrillar Ca?* sensitivity, like reduced Ca?* - binding affinity of Tn complex, which could
compensate for longer than in WT Ca?* transients. Moreover, the adaptations in
sarcomere dynamics may point towards a partial decrease in ATP consumption in AGAT
KO mice. However, such complicated processes as EC coupling and relaxation of cardiac
muscle cannot be regulated only by one protein. Other factors, such as intracellular Ca?*
concentration, specific features of myosin isoenzymes and the interaction of contractile
proteins with each other (cross-bridge formation) also play a role in this regulation.

While several adaptive modifications in Ca?* handling and EC coupling were revealed
in AGAT KO due to creatine-deficiency, some issues remained unresolved. Namely, the
influence of RyR sensitivity and activity and transsarcolemmal Ca?* influx via NCX on
increased Ca?* levels require further clarification and investigation. Moreover, it is still
uncertain whether these alterations are associated with the absence of a functional CK
system in AGAT KO (Publication IV and V). For instance, two other papers showed normal
myocardial baseline contractility in CK KO (Bonz et al., 2002) and GAMT KO mice (Lygate
et al., 2013). Herewith, unchanged Ca?* handling in CK KO mice (Bonz et al., 2002) could
be explained in part by intracellular structural reorganization (Kaasik et al., 2001), leading
to a closer association of mitochondria with SR and myofibrils or by glycolysis providing
SERCA with energy in the absence of functional CK system (Boehm et al., 2000). However,
that is not the case in creatine-deficient mouse models, where neither compensatory
upregulation of alternative phosphotransfer pathways (Publication IlI) nor structural
adaptations in the mitochondrial organization were detected (Publication I). Therefore,
as with the regulation of mitochondrial energetics, normal cardiac contractility could be
due to P-GAA being used instead of PCr in GAMT KO hearts. As for AGAT KO, several
aspects should be taken into consideration. Although altered Ca?* handling could be
associated with complete inhibition of the CK system, unchanged baseline contractility
of CK KO mice argues against it (Bonz et al., 2002). Another factor is the near absence of
hArg alone or together with Cr. Finally, systemic changes associated with the metabolic
changes in the whole body should also be considered.
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Table 1. The main outcomes from the Ca?* handling experiments in intact AGAT cardiomyocytes.

AGAT KO Female | AGAT KO Male

Notes

Calcium transients

— KO
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- Longer duration
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5 Conclusions

The findings of this dissertation help to expand our understanding of how an inactive CK
system affects cardiac metabolism, Ca?* handling and EC coupling. Although the CK
system is assumed to be important for energy transfer in the heart, no change in the
regulation of mitochondrial bioenergetics and ultrastructural organization was found in
GAMT KO mouse cardiomyocytes (Publication ). Therefore, we assessed whether there
were any adaptational changes in alternative phosphotransfer systems, such as HK and
AK. However, no upregulation of alternative phosphotransfer enzymes was observed in
GAMT KO mice, and only a slight upregulation of mitochondrial HK was detected in AGAT
KO (Publication Il). These results may relate to the fact that CK phosphotransfer capacity
does not exceed the respiratory capacity of mitochondria (Publication Ill), together
suggesting that CK is not as important as previously thought. Moreover, the complexity
of the regulation of cardiac energetics was underscored by experiments on mouse and
rat hearts, showing a significant difference in enzymatic activities depending on the
intactness of ultrastructural organization and compartmentalization (Publication IiI).
However, more changes and adaptations in response to creatine-deficiency were
demonstrated in Ca?* handling and EC coupling, but mainly in AGAT KO cardiomyocytes.
The results from patch clamped cardiomyocytes suggested a slowing of Ca®* cycling in
AGAT KO mice (Publication IV). The subsequent experiments with intact AGAT KO
cardiomyocytes revealed changes in Ca?* transients and inconsistent adaptations in
sarcomere dynamics in both females and males, and sex-dependent alteration in Ca%
transient dyssynchrony, Ca?* sparks, t-tubular and RyR organization (Publication V).
Whether these modifications are due to the absence of the functional CK system in
cardiomyocytes or systemic changes in the whole organism is uncertain. Altogether, the
outcomes of these studies suggest that in the heart, while the absence of a functional CK
system has minor effects on energy metabolism and transfer, it may lead to adaptive
modifications in Ca?* dynamics and contractility.
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Abstract

Energetics and calcium handling in creatine-deficient mouse
hearts

The creatine kinase (CK) system is considered to play a crucial role in maintaining cardiac
energy homeostasis, ensuring a precise balance between energy production and
utilisation. Heart failure is associated with impairments in the CK system, correlating with
disease progression. However, studies using various mouse models with a modified CK
system have shown contradictory outcomes, especially in the heart. Under baseline
conditions, CK knockout (KO) mice showed mainly normal cardiac performance that was
affected only at high workloads or under stress conditions. In the current thesis, the
cardiomyocytes from two alternative mouse models with an inhibited CK system were
studied. Creatine-deficient mice lack one of the enzymes of the creatine synthesis
pathway, either guanidinoacetate methyltransferase (GAMT) or arginine:glycine
amidinotransferase (AGAT). In both GAMT and AGAT KO mice, creatine is absent in the
whole body, and CK function is compromised.

Despite the assumed importance of CK as an energy transfer system in the heart,
according to our results, the regulation of mitochondrial energetics and ultrastructural
organisation was unaltered in the GAMT mouse heart. Therefore, the potential
adaptations in hexokinase (HK) and adenylate kinase (AK), which form alternative energy
transfer systems, were assessed in GAMT and AGAT KO mice. Whereas there were no
alterations in GAMT KO, there was a slight upregulation of mitochondrial HK in AGAT KO.
This minor change in energetics, together with the lower CK phosphotransfer capacity
compared to the mitochondrial respiratory capacity, suggests that CK is not as crucial as
it was believed. Moreover, the complexity of the regulation of cardiac energetics was
underscored by experiments on mouse and rat hearts, showing the significance of intact
ultrastructural organization and compartmentalization for enzymatic activities.
However, more noticeable changes were demonstrated in Ca?* dynamics and
contractility in AGAT KO cardiomyocytes. The experiments with patch clamped cells
revealed slower Ca?* handling in AGAT KO. Further, complex changes in SR Ca?* handling,
t-tubular and RyR organization, and sarcomere dynamics were shown in intact cells.
However, it remains an open question whether adaptational changes develop due to the
lack of an active CK system in cardiomyocytes or the changes in whole body composition
or metabolism.

Taken together, our results suggest that in the heart, creatine-deficiency has only a
minor effect on metabolism and energy transfer but may lead to adaptations in Ca?*
dynamics and contractility.
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Lithikokkuvote

Energeetika ja kaltsiumi kaitlemine kreatiini puudulike hiirte
sidametes

Kreatiinkinaasi (CK) slisteemi peetakse (lioluliseks siidame energia homdostaasi
sdilitamisel, mis tagab tdpse tasakaalu energia tootmise ja kasutamise vahel.
Stdamepuudulikkust seostatakse CK-susteemi hairitustega, mis on korrelatsioonis
haiguse progresseerumisega. Eelnevad uuringud modifitseeritud CK-siisteemiga hiirte
mudelitega on aga ndidanud vastuolulisi tulemusi, eriti sidames. Nimelt on varasemalt
naidatud, et normaaltingimustes on CK nokaut (KO) hiirte sidametegevus vorreldav
metsiktilpi hiirte omaga, mis aga seevastu oli m&jutatud ainult suure tookoormuse voi
stressitingimuste korral. Kiesolevas vditekirjas uuriti kahe alternatiivse inhibeeritud
CK-slisteemiga hiiremudeli kardiomiotsiite. Nendes kreatiini puudulikkusega hiirte
mudelites puudub (ks kreatiini sinteesi raja ensiimidest, kas guanidinoatsetaat
metidltransferaas (GAMT) voi arginiini-glitsiini amidinotransferaas (AGAT). Nii GAMT
kui ka AGAT KO hiirtel puudub kreatiin kogu kehas ja CK funktsioon on seetdttu
inhibeeritud.

Vaatamata CK kui energia Ulekandesiisteemi oletatavale tahtsusele siidames, ei
muutunud antud t66 tulemuste kohaselt mitokondriaalse energia metabolismi
regulatsioon ja ultrastruktuur GAMT hiire siidames. Seet6ttu hinnati GAMT ja AGAT KO
hiirtel potentsiaalseid kohastumusi alternatiivsetes energia lilekandeslisteemides nagu
heksokinaas (HK) ja adenilaatkinaas (AK). Kui GAMT KO-s muutusi ei tdheldatud, siis
AGAT KO-s esines mitokondriaalse HK kerge ilesreguleerimine. Need tulemused véivad
olla seotud asjaoluga, et CK fosfaadi lilekandevdime ei lileta mitokondrite hingamisvdimet,
mis viitab omakorda sellele, et CK ei ole nii oluline, kui varem on arvatud. Lisaks, katsed
hiirte ja rottide slidametega naditasid, et ultrastruktuur ja kompartmentatsioon on
olulised enstiimide aktiivsuse jaoks. See omakorda rdhutab siidame energeetika
regulatsiooni keerukust ja sdltuvust erinevatest teguritest. AGAT KO kardiom{otsiiiitides
ilmnesid aga markimisvadrsed muutused kaltsiumi diinaamikas ja kontraktiilsuses.
Membraanilapikese kinnitamise meetodi katsed AGAT KO hiirte kardiomuotslitides
naitasid aeglasemat kaltsiumi kditlemist. Jargnevate katsetega intaktsetes
kardiomiotsiitides naidati aga keerulisi muutusi sarkoplasmaatilise retiikulumi
kaltsiumi kaitlemises, t-torukeste ja rlianodiinretseptorite organisatsioonis ning
sarkomeeride diinaamikas. Siiski jaab lahtiseks kisimus, kas kohastumused on tingitud
aktiivse CK-slisteemi puudumisest kardiomiotsiitides voi siisteemsetest muutustest
kogu organismis.

Kokkuvotteks, antud t66 tulemuste pdhjal saab Oelda, et siidames on kreatiini
puudulikkusel vaid vaike mdju ainevahetusele ja energia tlekandele, kuid see toob kaasa
kohastumuslikke muutusi kaltsiumi diinaamikas ja kontraktiilsuses.
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energy phosphates in creatine-deficient GAMT /~ mouse hearts. Am J
Physiol Heart Circ Physiol 305: H506-H520, 2013. First published June
21, 2013; doi:10.1152/ajpheart.00919.2012.—Disruption of the creatine
kinase (CK) system in hearts of CK-deficient mice leads to changes in
the ultrastructure and regulation of mitochondrial respiration. We
expected to see similar changes in creatine-deficient mice, which lack
the enzyme guanidinoacetate methyltransferase (GAMT) to produce
creatine. The aim of this study was to characterize the changes in
cardiomyocyte mitochondrial organization, regulation of respiration,
and intracellular compartmentation associated with GAMT defi-
ciency. Three-dimensional mitochondrial organization was assessed
by confocal microscopy. On populations of permeabilized cardiomyo-
cytes, we recorded ADP and ATP kinetics of respiration, competition
between mitochondria and pyruvate kinase for ADP produced by
ATPases, ADP kinetics of endogenous pyruvate kinase, and ATP
kinetics of ATPases. These data were analyzed by mathematical
models to estimate intracellular compartmentation. Quantitative anal-
ysis of morphological and kinetic data as well as derived model fits
showed no difference between GAMT-deficient and wild-type mice.
We conclude that inactivation of the CK system by GAMT deficiency
does not alter mitochondrial organization and intracellular compart-
mentation in relaxed cardiomyocytes. Thus, our results suggest that
the healthy heart is able to preserve cardiac function at a basal level
in the absence of CK-facilitated energy transfer without compro-
mising intracellular organization and the regulation of mitochon-
drial energy homeostasis. This raises questions on the importance
of the CK system as a spatial energy buffer in unstressed cardio-
myocytes.

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

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

Cr deficiency inhibits the CK system. It may occur due to
deficiency of the enzymes that synthesize Cr [L-arginine:gly-
cine amidinotransferase (AGAT) and guanidinoacetate meth-
yltransferase (GAMT)] or the Cr transporter (CrT or SLC6AS),
which imports Cr across the sarcolemma. All three cases of Cr
deficiency have been found in humans (8, 43), and all have
been reproduced in mouse models (AGAT/~, GAMT /", and
CrT~/~ mice). The GAMT /= model is the most studied to
date.

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

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

MATERIALS AND METHODS

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

Animals. We received GAMT ~/~ mice and WT littermates, which
had been bred at The Wellcome Trust Centre for Human Genetics
(Oxford, UK). Mice had been backcrossed on to a C57BI1/6] back-
ground for at least eight generations. Animals were kept in our local
animal facility in cages with free access to water and food (vegetable-
based, Cr-free chow, R70 from Lactamin). Mice of different geno-
types were housed separately to prevent GAMT '~ mice from taking
up Cr via coprophagia of feces from WT littermates (41).

Cardiomyocytes were successfully isolated from eight GAMT /'~
mice (4 females and 4 males) and nine WT mice (5 females and 4
males) of similar age (female WT: 46.9 * 4.9 wk and female
GAMT /~: 45 + 43 wk; male WT: 45.6 * 1.5 wk and male
GAMT /~: 45.9 + 1.4 wk).

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

Total Cr content. The total Cr content was measured enzymatically
from mouse hindlimb skeletal muscle. The metabolite extraction from
tissue samples was done as follows. A 50- to 100-mg piece of tissue
was homogenized in 2 ml of 0.6 M perchloric acid with 2 mM EDTA.
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Water was added to provide a total volume of 10 ml, and the
suspension was centrifuged at 10,000 g for 10 min at 4°C. The
supernatant was neutralized with KOH, the precipitated salt was
removed by centrifugation, and total Cr levels were assayed immedi-
ately from the resulting extract (pH 7.0-7.2) via coupled enzymatic
reactions using a spectrofluorophotometer. The enzymatic reaction
was performed in 500 pl of 100 mmol/l potassium phosphate buffer
(pH 7.5) containing 5 mmol/l MgCl,, 16 kU/I CK, 8 mmol/l ADP, 16
kU/1 hexokinase, 4 mM glucose, 40 kU/I creatinase, 20 kU/1 sarcosine
oxidase, 4 kU/I horseradish peroxidase, 10 wmol/l Amplex red, and
6—-40 wl tissue extract. This mixture ensured that Cr and PCr were
degraded by creatinase, which led to the production of H>O, (which
was later determined fluorescently using Amplex red conversion to
resorufin). The blank mixture was identical except for the omission of
creatinase. The reaction mixture was incubated for 30 min at room
temperature. H,O, was determined spectrofluorometrically in 2 ml of
100 mmol/l phosphate buffer containing 5 mmol/l MgCl,. Fluores-
cence measurements were performed using 4-ml plastic cuvettes
(four-faced transparent cuvettes, Deltalab, Rubi, Spain) in an RF-5301
PC spectrofluorometer (Shimadzu Scientific Instruments, Kyoto, Ja-
pan). The temperature was maintained at 25°C (Julabo FI12-ED,
JULABO Labortechnik). First, background fluorescence of the buffer
without enzymes was measured, and 1 wl of 5 mM Amplex red and
5 wl of 100 U/ml horseradish peroxidase were then added to measure
the contribution of Amplex red to fluorescence intensity. Finally, the
fluorescence of the diluted reaction mixture was measured. At the end
of each experiment, a calibration signal was generated with five
additions of 1 pl of 0.1 mM H,O,, each leading to a concentration
increase of 50 nM. Measured fluorescence intensities (emission/
excitation = 585/570 nm) were fitted assuming a linear relationship
between fluorescence and the resorufin concentration in the cuvette,
with the offset determined by the background fluorescence of the
buffer. The fit was performed by minimizing the least-square differ-
ence between calculated and measured fluorescence through variation
of the gain (fluorescence-to-resorufin concentration ratio), total Cr
content, and resorufin contamination of Amplex red solution (propor-
tional to the Amplex red concentration). Cr concentrations were
expressed as nanomoles per milligram wet weight tissue. All mea-
surements were repeated with three different dilutions, and a paired
t-test between recordings with and without creatinase (sample vs.
blank) was used to determine whether the total Cr content was
identifiable by the method (a significance level of P < 0.05 was used).

Isolation of cardiomyocytes. Isolation of cardiomyocytes was car-
ried out as previously described (45). Briefly, the heart was excised
and immediately transferred to ice-cold wash solution (see composi-
tion below). It was cannulated via the aorta on a Langendorff
perfusion system, which was thermostatted to 38.5°C (Julabo ED,
JULABO Labortechnik). The heart was first perfused with wash
solution at a constant pressure of 80 cmH»O for at least 5 min. The
flow rate under these conditions was 3.68 * 1.68 ml/min (n = 17).
After the heart was washed free of blood, the perfusion was switched
to a digestion solution containing an additional 0.25 mg/ml collage-
nase P (Roche) and 3 mg/ml BSA. Perfusion was also switched to a
constant flow of 1 ml/min until the pressure had decreased to 10—-15%
of the initial pressure at 80 cmH>O and the heart was soft. After
perfusion, the ventricles were isolated. They were cut into four pieces,
which were incubated further in the digestion solution at 38.5°C with
gentle shaking until the tissue started falling apart. Cells were further
dissociated with a 5-ml pipette. Sedimentation solution (5 ml) was
added before the cells were filtered into a glass tube. As a result, the
cell suspension was a mix of isolated cardiomyocytes from the left
and right ventricles. Cells were washed by sedimentation. First,
extracellular Ca?* was gradually increased to 1 mM to ensure Ca?*
tolerance of the cells (Ca>* from a stock of 1 M CaCl, was added to
the sedimentation solution). After this, extracellular Ca>* was washed
out again by washing the cells three times with 10 ml sedimentation
solution.
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Mitochondrial imaging. Freshly isolated cells kept in sedimenta-
tion solution were loaded with 1 pM TMRE (T-669, Molecular
Probes, Life Technologies) for at least 15 min. A small fraction of the
cells was added to 200 pl sedimentation solution in the chamber of a
flexiPERM micro 12 reusable silicone cell culture chamber (Greiner
Bio-One) attached to a coverslip. Confocal images were acquired on
a Zeiss LSM 510 Duo built around an inverted Axio Observer Z1
microscope (Carl Zeiss) with a X63/1.2 numerical aperture (NA)
water-immersion objective. The signal was acquired via a high-
voltage single photomultiplier tube using 8-bit mode; the pinhole was
set to one Airy disk. TMRE was excited with a 543-nm laser, and
emission was recorded through a 575-nm long-pass filter. These
experiments were carried out at room temperature.

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

For statistical analysis, we found for each cell separately the
cumulative distribution function for the nearest neighboring mito-
chondria in each direction. The averaged results of the distance at
25%, 50%, and 75% of the distribution function for R and Rx
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(notation from Fig. 5) were compared for WT and GAMT /"~ cardio-
myocytes, as detailed in the RESULTS.

Respirometer recordings. Respirometer recordings were used to
determine /) the respiration kinetics of permeabilized cells stimulated
by stepwise increases in ADP or ATP and 2) the inhibition of
ATP-stimulated respiration by a competitive assay consisting of
phosphoenol pyruvate (PEP; 5 mM) and PK (20 IU/ml). For this, we
used a Strathkelvin RC 650 respirometer equipped with six 1302 O,
electrodes connected via a 929 Oxygen System interface (all from
Strathkelvin Instruments) to a computer. The respirometer was ther-
mostatted to 25°C (Julabo F12-ED, JULABO Labortechnik). The O»
tension in each chamber was recorded by the software provided by
Strathkelvin and our homemade software, which immediately calcu-
lated the rate of O, consumption as well. The latter is open-source
software and is freely available at http://code.google.com/p/iocbio/
wiki/IOCBioStrathKelvin.

For recordings of ADP kinetics, a 15- to 20-p.l cell suspension was
added to the respiration chamber containing 2 ml Cr and PCr-free
respiration solution (see composition below). Cells were allowed at
least 5 min to permeabilize before the steady-state basal respiration
rate (Vo) was recorded. ADP was added to the respirometer chamber
using a Hamilton syringe (801RN, Hamilton Bonaduz). The ADP
concentration was increased in steps, and the respiration rate was
allowed to reach steady state for at least 2 min before the addition of
more ADP. Recordings of ATP kinetics were carried out in a similar
way except that a 30- to 50-pl cell suspension was added to the
chamber and ATP was added instead of ADP. To record how a
competitive ADP-trapping assay consisting of PEP and PK competes
with mitochondria for the consumption of ADP from ATPases, a 30- to
60-pl cell suspension was added to the respirometer chamber. After
recording Vo, 2 mM ATP was added to stimulate ATPases. Initially, this
endogenously produced ADP was exclusively consumed by the mito-
chondria and stimulated respiration (V2 mm ate). The addition of 5 mM
PEP (no. P-7002, Sigma-Aldrich) activated endogenous PK to compete
with mitochondria for the consumption of ADP and the lowered respi-
ration rate (Vpep). Further addition of 20 U/ml exogenous PK (no.

X, um

Y, um

Fig. 1. Method used to analyze distribution of mitochondria in cardiomyocytes, taken from Ref. 4. A: first, a series of Z-stack confocal images of mitochondria
in nonpermeabilized cardiomyocytes was acquired (scheme). Second, the local fluorescence maxima (small squares) were found. As indicated in the scheme, the
maxima were not always on the same image in the stack. Note that sometimes two fluorescence maxima seem to be found per mitochondrion (as shown in A).
Next, the closest neighbors were found for each mitochondrion, one per sector (the projections of the sector borders in two dimensions are shown by the dashed
lines). In this scheme, the mitochondrion, in which neighbors are sought, is highlighted, and the closest neighbors to this mitochondrion are indicated by arrows.
Note that the closest mitochondria in some sectors are not always from the same image in the stack. The relative coordinates of the closest neighbors, i.e., the
coordinates relative to the highlighted mitochondria, were stored and further analyzed. B: division of three-dimensional space into the sectors, with sectors shown
by the different levels of gray. The mitochondrion for which neighbors are sought is positioned at the origin of coordinate system. Here, the coordinate y-axis

corresponds to the fiber orientation. The sector names are shown in the scheme.
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10109045001, Roche), lowered the respiration rate (Vpep + px) even
more.

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

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

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

For simplicity, ATP synthesis in mitochondria was described by the
simple phenomenological Michaelis-Menten-type equation involving
the concentrations of ATP and ADP only in the IMS, as shown in Fig.
2. Note that this approach is possible due to high concentrations of P;,
oxygen, and substrates, as used in our experiments. This simplification
allowed us to simulate diffusion and reactions in the intracellular
compartments only (cytoplasm, IMS, and compartment 4) and thus
allowed us to ignore the details of the reactions involved in the
respiratory chain. The same approach has been applied by us earlier
and used to estimate the compartmentation of ATPases and intracel-
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lular diffusion restrictions in two dimensions (52), three dimensions
(36), and simplified multicompartment (45) analysis of the intracel-
lular environment.

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

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

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

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

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

Recordings of NADH and Fp autofluorescence. Recordings of
NADH and Fp autofluoresence were performed as described in Ref.
22. In brief, microscope experiments were performed on an inverted
Nikon Eclipse Ti-U microscope (Nikon, Tokyo, Japan; objective CFI
Super Plan Fluor ELWD X20/0.45 NA) equipped with two tiers of
motorized filter turrets for simultaneous acquisition of transmission
and fluorescence images. For images of NADH and Fp autofluores-
cence, respectively, light from a Prior Lumen 200 with a 200-W metal
halide lamp with extended wavelength (Prior Scientific, Cambridge,
UK) was passed via an optical fiber into the upper filter turret. For
NADH recordings, the light was passed through a 340/26-nm excita-
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Fig. 2. Schematic diagrams of models 1-4. Compartments are indicated by dashed lines, reactions by single-headed curved arrows, and exchange between
compartments by double-headed straight arrows. All models have compartments representing the solution, cytosol, and mitochondrial intermembane space
(IMS). Models 3 and 4 include a fourth compartment (C4). The reactions considered are mitochondrial ATP synthesis in the mitochondrial matrix leading
to the conversion of ADP to ATP in the mitochondrial IMS (ATPsy,), ATP consumption by ATPases (ATPasel and ATPase2), and ATP synthesis by

endogenous pyruvate kinase (PK; PKendl and PKend2) and exogenous PK.

The following exchanges between compartments were calculated: solution

and cytosol (sol-cyt), IMS and cytosol through the outer mitochondrial membrane (MoM), cytosol and C4 (cyt-C4), and IMS and C4 (IMS-C4). PEP,

phosphoenol pyruvate.
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tion filter onto a 400-nm long-pass dichroic mirror, which deflected
the light onto the specimen. Light emitted from the specimen passed
back through the upper filter cube to a 510 XR dichroic in the lower
filter cube and reflected through a 460/80-nm emission filter to an
Andor Ixon EMCCD camera (Andor Technologies, Belfast, UK). For
Fp recordings, the light was passed through a 465/30-nm excitation
filter onto a 510-nm dichroic mirror, which deflected the light onto the
specimen. Light emitted from the specimen passed back through the
upper filter cube to a 560 XR dichroic in the lower filter cube and
reflected through a 525/50-nm emission filter. All filters were pur-
chased from AHF Analysentechnik. For each filter, the first number
describes the mode wavelength and the second number describes the
total bandwidth at half-maximum transparency (half-minimum optical
density). This means that a 340/26-nm filter mainly passes light
between 327 and 356 nm. Filter specifications, including plots of their
optical density at different wavelengths, can be found on the suppliers
website (http://www.ahf.de). Transmission images together with im-
ages of NADH or Fp autofluorescence were acquired every 30 s. To
reduce photobleaching, a Uniblitz shutter (VCM-D1, Vincent Asso-
ciates, Rochester, NY) timed the light exposure with the acquisition.

Immediately before each experiment, a new batch of cells was
permeabilized for 5 min with gentle mixing in an Eppendorf tube with
respiration solution containing 25 pg/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.
Cells were allowed to sediment for 5-10 min before the superfusion
was started with respiration solution containing different concentra-
tions of ADP. Only cells located in the middle of the chamber were
used for measurements. According to the manufacturer, the geometry
of the chamber provided laminar flow of solutions during experiments
at the used flow rate of ~0.5 ml/min and was laminar in our
conditions, as confirmed by mathematical model of the flow (22). The
ADP concentration was increased stepwise from 50 to 100, 300, 500,
1,000, and 2,000 uM, and cells were superfused for at least 4.5 min
at each step.

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

M. 1 2 38y 4 53 6 17t
1000bp -
=
W
bp - - &
500bp -
400bp -«
300bp - oo - L - .
ko ok kX ko ok kX
Cr content

nmol/mg wet weight 14.87 12.72 NS 14.78 18.36 NS NS 15.19
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minimum fluorescence recorded under fully reduced (respiration in-
hibited with oligomycin and cyanide) or oxidized (mitochondria
uncoupled with FCCP) conditions.

Solutions. The wash solution consisted of (in mM) 117 NaCl (no.
71379, Sigma-Aldrich), 5.7 KCI (no. P-5405, Sigma-Aldrich), 1.5
KH>PO,4 (no. P-0662, Sigma-Aldrich), 4.4 NaHCO3 (no. S-6014,
Sigma-Aldrich), 1.7 MgCl, (no. 63068, Sigma-Aldrich), 21 HEPES
(no. H-3375, Sigma-Aldrich), 20 taurine (no. 86329, Sigma-Aldrich),
and 11.7 glucose (no. 158968, Sigma-Aldrich). pH was adjusted to 7.4
with NaOH.

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

For the sedimentation solution, 2 mM pyruvate (no. P-2256,
Sigma-Aldrich), 10 wM leupeptin (no. 11034626001, Roche), 2
1M soybean trypsin inhibitor (no. 93619, Sigma-Aldrich), and 3
mg/ml BSA (no. 10775835001, Roche) were added to 60 ml of the
wash solution.

The respiration solution contained (in mM) 110 sucrose (no.
S-1888, Sigma-Aldrich), 60 K-lactobionic acid (no. L-2398, Sigma-
Aldrich), 3 KH,PO4 (no. P-0662, Sigma-Aldrich), 3 MgCl, (no.
63068, Sigma-Aldrich), 20 HEPES (no. H-3375, Sigma-Aldrich), 20
taurine (no. 86329, Sigma-Aldrich), 0.5 EGTA (no. 71379, Sigma-
Aldrich), 0.5 DTT (no. D-0632, Sigma-Aldrich), 2 malate (no.
M-6413, Sigma-Aldrich), and 5 glutamate (no. 49449, Sigma-
Aldrich). pH was adjusted to 7.1 with KOH. Immediately before
use, 5 mg/ml BSA (no. 10775835001, Roche) and 20 pg/ml
saponin (no. 47036, Sigma-Aldrich) were added.

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

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

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

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

RESULTS

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

1OpuilidnelDme] 3 puil:dmuil Siggl 6N 718119

< 427bp KO

o - e e < 265bp WT

kook ook ok ok ok ok ok Xk
NS NS 801 NS NS NS 16.24 12.18 8.78

* - animals used in experiments
NS - not significant

Fig. 3. Genotyping of guanidinoacetate methyltransferase (GAMT)-deficient (GAMT ~/~) mice by PCR. After PCR amplification, samples were analyzed on 1%
agarose gel stained with ethidium bromide along with a DNA ladder (lane M: GeneRuler 100-bp DNA Ladder). The 265- and 427-bp-long PCR products
corresponded to wild-type (WT) GAMT (GAMT*/*) or homozygous GAMT knockout (GAMT '~ KO) genotypes, respectively. *Animals that were used in
experiments. Total skeletal muscle creatine (Cr) content (expressed as nmol/mg wet wt) is shown under each mouse used in the experiments, respectively. The

levels of Cr in GAMT '~ mice were statistically not significant (NS).
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GAMT '~ mice had a lower body weight than their WT
littermates [female WT: 24.2 = 3.8 g vs. female GAMT /":
175 £ 2.6 g (P < 0.05); male WT: 34.5 = 5.3 g vs. male
GAMT /7:23.0 = 2.7 ¢ (P < 0.01)]. In female mice, tibial
length was also shorter in GAMT ™/~ than WT mice [female
WT: 21.8 £ 0.2 mm vs. female GAMT /": 21.1 = 0.6 mm
(P < 0.05); male WT: 22.6 = 0.6 mm vs. male GAMT ~/~:
21.7 = 0.8 mm (P = 0.1330)]. This is in agreement with
previous observations (19, 41).

Total Cr content was measured enzymatically in GAMT '~
and WT mice used in the experiments. Skeletal muscle Cr
content was 13.46 = 3.40 nmol/mg wet wt in WT control mice
(n = 9) and undetectable in GAMT '~ mice (n = 8) (Fig. 3).
This was confirmed statistically with a paired #-test showing no
significant difference in the Cr content between the GAMT /'~
sample and the corresponding blank (P > 0.05) and a signif-
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icant difference between the WT sample and the corresponding
blank (P < 0.05).

Mitochondrial positioning. Visual inspection of the confocal
images showed similar mitochondrial distribution in GAMT /™ and
WT cardiomyocytes. This was confirmed by quantitative
analysis of the relative positioning of the mitochondrial
centers (Figs. 4 and 5). Figure 4 shows the probability
densities of the closest mitochondrial centers found in the
different sectors. There was no difference between GAMT ~/~
and WT cardiomyocytes. Figure 5 shows plots of the cumula-
tive distribution functions. The graphs for WT and GAMT '~
cardiomyocytes were overlapping or were very close in all
directions (Fig. 5).

For statistical analysis, we found the averaged distances R and
Ry (notation from Fig. 5) at 25%, 50%, and 75% of the cumu-
lative distribution function (Table 1). There was no significant
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Fig. 4. Probability density of the closest mitochondrial centers in each of the directions in WT (left) and GAMT '~ (right) cardiomyocytes. A total of 24,588
(WT) and 23,405 (GAMT /") mitochondria from 6 cells were analyzed. Each mitochondrial center was considered to be in the origin (0, 0). The space around
was divided into 14 sectors, and the distribution of the closest mitochondrial centers in each sector was analyzed. Results from sectors with the same direction
were pooled. Here, and in the following analysis, the y-direction was taken along the myofibrills and x- and z-directions were transversal directions at and
perpendicular to the image planes, respectively. The xy- and yz-directions were diagonal directions. Two-dimensional probability density is shown at different
planes perpendicular to the z-axis (XY-planes; fop) or the y-axis (XZ-planes; bottom) at different distances from the origin as indicated at the top right corner of
each plane. Note how similar the mitochondrial distributions were in GAMT/~ and WT cardiomyocytes.
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Fig. 5. Cumulative distribution function of the distance between centers of
neighboring mitochondria in different directions. The distribution functions for
the following distances were calculated: distance (R) from the origin to the
nearest mitochondrion in each direction (A) and distance (Rxz) from the y-axis
through the origin to the nearest mitochondrion in each direction (B). The
differences in the corresponding distances are highlighted on the schemes
shown in A and B, left. If the rows of mitochondria were parallel, Rxz would
be the same in the X- and XY-directions and Z- and YZ-directions. Indeed, their
distribution functions were very close. For parallel rows, Rxz in the Y-sector
would be 0. Note in both A and B that the distribution functions for the WT
(blue) and GAMT /" (red) groups were either overlapping or very close to
each other.

difference in the distances between WT and GAMT /" cardio-
myocytes as analyzed with mixed-design ANOVA. In this
statistical test, the between-subject variables were mouse ge-
notypes (2 levels: WT or GAMT /7) and the within-subject
variables were directions for R and Ry (5 directions for each,
10 levels in total) and percentile points (3 levels). On the basis
of ANOVA, we concluded that there was no significant main

COMPARTMENTATION OF GAMT/~ CARDIOMYOCYTES

effect of genotype, P = 0.28. No significant differences in the
distances were found when we compared the distances ob-
tained at all directions and all percentile points for WT and
GAMT /" cardiomyocytes using Welch’s #-test and correcting
for multiple comparisons using the Siddk correction.

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

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

Analysis of kinetic data by mathematical models. The ex-
perimental data were fitted by several mathematical models
with different levels of compartmentation (Fig. 2). The model
fits were compared with the measurements shown in Fig. 6 and
Table 2. To analyze the data obtained from WT and GAMT ~/~
mouse cardiomyocytes, we first fitted the data separately. The
data were then pooled together and fitted (parameters shown in
Table 3). As expected, the fit was better when the models were
allowed to fit the WT and GAMT /™ data separately (quanti-
fied by sum of squares in least-squares fitting). However,
according to the extra sum-of-squares F-test (F-test), the in-
creased number of parameters induced by fitting the experi-
ments separately was not justified, and the better fits were due
to chance (depending on the model, P was from 0.37 to 0.99).
From this, we concluded that the kinetic recordings in WT and
GAMT '~ mouse cardiomyocytes were not significantly dif-
ferent and that the two cases could be described by a single set
of a model parameters.

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

25% 50% 75%
Direction WT GAMT '~ WwT GAMT /~ WT GAMT /~
Rxyz
X 1.28 = 0.04 1.31 £ 0.08 1.61 = 0.04 1.64 = 0.07 2.07 = 0.09 2.06 = 0.09
XY 1.81 = 0.08 1.88 = 0.12 2.25 = 0.07 229 =0.11 2.76 = 0.10 278 = 0.13
Y 1.35 % 0.15 1.39 = 0.18 1.83 = 0.08 1.82 = 0.09 2.56 = 0.29 2.39 = 0.15
YzZ 1.61 = 0.08 1.57 = 0.10 2.08 = 0.11 201 =0.11 2.65 = 0.23 248 = 0.11
z 1.07 = 0.05 0.99 = 0.08 1.43 = 0.08 1.35 = 0.08 1.89 = 0.19 1.75 = 0.08
Rxz
X 1.23 = 0.03 1.27 = 0.08 1.55 £ 0.04 1.58 = 0.07 2.00 = 0.09 2.00 = 0.10
XY 1.12 £ 0.03 1.17 £ 0.07 1.45 = 0.02 1.50 = 0.08 1.88 = 0.05 1.90 = 0.10
Y 0.08 = 0.01 0.07 = 0.02 0.16 = 0.03 0.12 £ 0.04 0.32 = 0.09 0.24 = 0.06
YZ 0.92 = 0.04 0.86 = 0.07 1.23 = 0.05 1.14 = 0.08 1.68 = 0.15 1.54 = 0.10
V4 1.03 = 0.05 0.95 = 0.08 1.38 = 0.08 1.29 = 0.08 1.82 = 0.20 1.68 = 0.09

Values (in wm) are means = SD; n = 6 wild-type (WT) cardiomyocytes and 6 guanidinoacetate methyltransferase (GAMT)-deficient (GAMT /")
cardiomyocytes. Rxyz, distance from the origin to the nearest mitochondrion; Rxz, distance from the y-axis through the origin to the nearest mitochondrion.
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Fig. 6. Kinetic analysis of permeabilized cardio-
myocytes from WT (blue) and GAMT /™ (red)
mice. Measurements were performed in respi-
ration solution containing 2 mM malate and 5
mM glutamate to support ADP-stimulated res-
piration. The experimental results are shown as
means *= SD (open circles). These were com-
pared with the solutions from models 1-4. Fits
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As previously found for rat cardiomyocytes (45), the fits
obtained by models 1, 2, and 2s were considerably worse than
the fits with the other models, as shown by statistical analysis
using an F-test of the nested models (Table 4). However, when
information criteria were used, only model 1 was considerably
worse than the other models (AIC. and BIC). By comparing
the results from multiple goodness-of-fit criteria, we can con-
clude that solutions of all models, except for model 1, can be
considered reasonable. The main difference between model 2
and models 3, 3s, 4, and 4s is the introduction of a coupling
between a part of endogenous PK and ATPases. Thus, while
the F-test strongly suggests that a part of endogenous PK is
coupled to ATPases (P < 0.05), the information criteria anal-
ysis was not conclusive, and further studies are needed. In
addition, considerable diffusion restriction was identified at the
level of the mitochondrial outer membrane and at the level of

2 3 4
[ATP], mM

intracellular diffusion restrictions separating mitochondria
from the surrounding solution.

As explained above, when analyzing the model parameters
obtained by fitting the data, we have to consider the pooled
case only (Table 3). In the models, all reaction rates were
simulated using Michaelis-Menten kinetics with the apparent
kinetic constants Vy,.x and K,,. ATPases were considered to
be inhibited competitively by ADP (where Kiarpase 1S the
apparent inhibition constant). The diffusion restrictions are
described via exchange coefficients between the compart-
ments (Where CCOmpartmenl I-compartment 2 is the eXChang
coefficient between compartment 1 and compartment 2).
Table 3 shows the parameters used for each model. Accord-
ing to our simulation results using the pooled data set, the
diffusion restrictions that separate the surrounding solution
from mitochondria were similar to the diffusion restrictions

Table 2. V5 ,um arp, Veep, and Vpep + px for experimental data and the various models

Models
Experimental Data 1 2 2s 3 3s 4 4s

WT

V2 mM aTP 14.48 = 4.24 15.98 16.14 16.72 15.71 15.33 15.79 15.51

Vpep 11.15 £ 3.73 17.23 11.45 11.73 8.88 11.15 9.1 11.53

Vpk + PEP 4.84 =2.02 5.53 4.42 5.68 6.5 6.87 6.15 6.43
GAMT '~

V2 mm atp 14.07 £ 3.02 18.12 17.97 19.08 17.14 16.58 17.14 17

Veep 10.86 £ 2.53 19.69 12.36 12.82 9.81 11.29 11.52 13.07

Vek + pEP 521 £2.18 8.16 7.16 7.62 9.22 9.9 6.46 10.43
Pooled

V2 mM ATP 14.30 = 3.64 17.66 17.31 18.4 16.6 16.04 16.5 16.55

Vpep 11.02 £ 3.16 19.06 12.06 12.69 9.19 11.07 11.26 12.25

Vrk + PEP 5.00 £2.03 7.13 6.04 7.07 8.4 8.95 5.61 9.01

Values are in nmol-min~'-mg protein™'; n = 8 WT cardiomyocytes, 7 GAMT /" cardiomyocytes, and 15 pooled cardiomyocytes. Experimental data were
compared with simulation results obtained by models 1-4 and their simplified versions (models 2s, 3s, and 4s). V2 mm atp, ATP-stimulated respiration rate; Vpgp,
inhibition of ATP-stimulated respiration rate by endogenous pyruvate kinase (PK); Veep + pk, inhibition of ATP-stimulated respiration rate by endogenous PK;

PEP, phosphoenol pyruvate.
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Table 3. Model parameters found by fitting the pooled data obtained from WT and GAMT ™/~ cardiomyocytes

Models

1 2s

2 3s 3 4s 4

VinaxATpsyn, NMol-min~'-mg protein~!
Y1

Optimal value
Confidence intervals
Ciol-cyts nNmol-mM ™~ '*min~'-mg
protein~!

Optimal value
Confidence intervals
CwMom, nmol-mM ™! -min

protein~!

Optimal value
Confidence intervals
Cims-c4, nmol*mM ™' -min

protein~!
Optimal value
Confidence intervals
Ceyto-ca, nmol*mM ™' min~'-mg
protein~!
Optimal value
Confidence intervals
VimaxATPase1, Nmol*min~'-mg protein ™~
Optimal value
Confidence intervals
Kmatpaser, Mm
Optimal value
Confidence intervals
Kiatpase1, mM
Optimal value
Confidence intervals
VinaxATPase2, Nmol-min~!-mg protein
Optimal value
Confidence intervals
KmaTpase2, MM
Optimal value
Confidence intervals
KiaTpase2, mM
Optimal value
Confidence intervals
VinaxPKend1, Mol *min~'-mg protein~!
Optimal value
Confidence intervals
Kmpkend1, mM
Optimal value
Confidence intervals
ViaxPKend2, NMol*min~!'-mg protein~!
Optimal value
Confidence intervals

233
62-720

248
174-335

1,461
175 to >10°

1,017
562-2031
“l.mg
646
222-2,231

676
530-875

~lmg

181
90-298

177
156-198

0.21
0.06-0.834

0.271
0.206-0.358

0.051
0.05 to >10

0.102

0.056-0.228
1

322
282-362

0.546
0.366-0.809

0.05 to >10

0.131-0.286

0.142 to >10

0.424-0.904

243
172-330

257
191-332

262
193-344

255
182-338

254
190-327

1,295
606-3,062

409
249-651

299
199-426

493
273-893

1,234
635-2,464

612
481-791

517
425-635

950
662-1,479

1,132
786-1,788

2,362
1,264-7,394

366
261-544

8.39
1.72-16

0.005
0.003-0.009

156
81-343

742
474-1,045

614
322-954

119
108-130

89
79-99

105
93-117

10
=10

0.235
0.187-0.294

0.201
0.147-0.276

0.201
0.143-0.279

10
6.91 to >10
0.05 9.62
0.208 to >10

10
=10

10
0.229 to >10

0.051
0.05-0.09

107
92-122

119
75-169

278
186-391

127
424,500

95
82-108
0.194 3.77
2.47-6.26

0.051
0.05-0.1
10 0.053
0.05-0.147

10
0.166 to >10

327
287-368

235
204-267

68
42-94

284
244-325

327
293-361

0.616
0.448-0.845

0.621 0.33

0.208-0.502

0.05
0.05-0.112

0.596
0.414-0.852

356
111-7199

217
180-258

47
23-72

0.118
0.053-29

induced by mitochondrial outer membrane. This is clear
from a comparison of the exchange coefficients Cyor-cyc and
Cmom for all the models that provided reasonable fits (Table
3). Namely, while for some models (models 2, 2s, and 4) the
diffusion restriction induced by the mitochondrial outer
membrane was larger than the one separating the surround-
ing solution from mitochondria, the opposite was true for
the other models (models 3, 3s, and 4s). However, we should
note that for all models, with the exception of model 3, those
diffusion restrictions were of the same order of magnitude,
suggesting that they are similar. Note that the description of
ATPases and endogenous PK interaction in compartment 4
is a phenomenological one and that all the model parameters
obtained for this compartment, including the exchange co-
efficient, are phenomenological coefficients and may not
represent the interaction between ATPases and PK in a
mechanistic way (as discussed in Ref. 45). As such, the

obtained low exchange coefficient for compartment 4 is a
part of a general description of coupling between PK and
ATPases and cannot be compared directly with the other
exchange coefficients found by the model.
Autofluorescence of single, permeabilized cardiomyocytes
during ADP titration. To verify that diffusion restrictions were
not due to clumping of the cells, we recorded NADH and Fp
autofluorescence responses to the change in ADP at the single
cell level (Fig. 7). The mainly mitochondrial origin of NADH
and Fp fluorescence signals allowed us to relate fluorescence to
the state of oxidative phosphorylation. NADH and Fp signals
decreased and increased, respectively, as the concentration of
ADP in the surrounding solution was increased (Fig. 7). We
compared the normalized NADH and Fp fluorescence at each
ADP concentration and found no statistically significant dif-
ference between cardiomyocytes from WT and GAMT '~
mice (P from 0.09 to 0.95 by Welch’s t-test; Fig. 7, C and D).
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Table 4. Statistical analysis of the fits

H515

F-Tests
AIC AIC. BIC Model 2s Model 2 Model 3s Model 3 Model 4s Model 4
WT cardiomyocytes
Model 1 98.39 102.2 590.48 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Model 2s —23.1 —15.9 34.47 0.124 <0.05 <0.05 <0.05 <0.05
Model 2 —26.13 —10.61 42.56 <0.05 <0.05
Model 3s —32.68 —17.15 41.44 0.113
Model 3 —36.58 —12.32 47.13
Model 4s —30.43 —14.9 41.8 <0.05
Model 4 —37.7 —13.44 47.0
GAMT /" cardiomyocytes
Model 1 77.59 81.41 298.61 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Model 2s 7.75 14.95 48.76 0.139 <0.01 <0.01 <0.05 <0.001
Model 2 5.14 20.67 53.25 <0.01 <0.001
Model 3s —11.33 4.2 46.23 0.583
Model 3 —9.28 14.98 52.37
Model 4s 0.55 16.08 50.88 <0.01
Model 4 —16.84 7.43 50.4
Pooled WT and GAMT '~ cardiomyocytes
Model 1 167.94 169.59 877.59 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Model 2s —15.07 —12.13 66.43 <0.01 <0.0001 <0.0001 <0.001 <0.0001
Model 2 —27.04 —21.3 69.56 <0.0001 <0.0001
Model 3s —47.47 —41.73 62.17 0.052
Model 3 —51.09 —42.82 68.14
Model 4s —33.13 —27.4 67.08 <0.0001
Model 4 —54.96 —46.68 67.15

Fits were analyzed by calculating Akaike information criteria (AIC), corrected AIC (AIC.), and Bayesian information criteria (BIC). For all three criteria, the
best-fitting model was the one with the minimum criterion value. Note that for AIC. and BIC, a larger number of parameters is penalized more than in AIC. F-tests
of the nested models are shown, with the simpler model (rows) compared with the nested, more complicated model (columns). The analysis was performed for
fits of the data recorded from WT and GAMT/~ mouse cardiomyocytes separately as well as for pooled data.

Because no statistically significant difference was found when
we performed multiple comparisons separately, no additional
correction for multiple tests or ANOVA analysis was required
to check whether the difference in autofluorescence between
cardiomyocytes from WT and GAMT /™ mice was significant.
Thus, on the basis of our results, diffusion from the solution to
the mitochondrial inner membrane is restricted to the same
extent.

DISCUSSION

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

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

nels (9), and Na*-K*-ATPase (13). The “spatial energy buf-
fer” or “energy transport” function of CK has mainly been
ascribed to tissues such as the heart, where a relatively large
fraction of the CK activity is of mitochondrial origin (56, 59).
Mitochondrial CK activity is tissue specific and relates to
oxidative capacity (56). This relationship can also be observed
during cardiac maturation (12, 16). Facilitation of ADP/ATP
transport may seem particularly important in oxidative mus-
cles, where ADP/ATP diffusion is restricted (28, 40, 56) and
mitochondrial energy production, although more efficient than
glycolysis, is more distant and physically separated from
ATPases by the mitochondrial membranes. In terms of energy
transport, the CK system provides a parallel energy circuit
between sites of production and consumption. PCr and Cr are
smaller molecules than ATP and ADP and thus diffuse faster
(32). Another advantage is that they are present in higher
concentrations, allowing the build up of larger gradients of Cr
than ADP. For example, whereas the Cr concentration is in the
order of 10 mM, the ADP concentration is ~50 wM. Since
diffusion is driven by the absolute difference in concentration,
the same gradient for ADP would require 10 mM/50 pM =
20 X larger relative difference in concentration than for Cr.
The importance of CK has been the subject of debate for a
long time, with sometimes vague hypotheses used to define the
role of CK, precluding testing of the hypotheses using a strong
inference approach (3). An alternative view has been proposed
that the high transport via PCr and Cr is simply a consequence
of the CK reaction being close to equilibrium (32). After
making some assumptions on the relative concentrations of
ATP, ADP, PCr, and Cr, it has been shown that CK is expected
to facilitate energy transfer, leading to most of the energy
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Fig. 7. Autofluorescence response of a perme-
abilized cardiomyocytes to changes in solution.
A: representative example of NADH and flavo-
protein (Fp) fluorescence from a GAMT /™ car-
diomyocyte exposed to different concentrations
of ADP, oligomycin and NaCN (OL + CN), and
FCCP, as indicated at the bottom. B: normalized
integrated fluorescence of the cardiomyocyte
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shown in A. C and D: comparison of NADH (C)
and Fp (D) autofluorescence responses in per-
meabilized cardiomyocytes from WT (blue; n =
6) and GAMT /™ (red; n = 6) cardiomyocytes
to the changes in exogenous ADP.
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transfer to occur through PCr and Cr diffusion. In addition, for
small diffusion distances, such as in cardiac muscle, the ab-
sence of an active CK system should not have any significant
functional consequences (32). The latter was demonstrated
assuming that there are no significant diffusion restrictions on
the diffusion path of molecules between ATPases and mito-
chondria. Recently, on the basis of analysis of raster image
correlation spectroscopy recordings, we (21) suggested that rat
cardiomyocytes are split into smaller compartments with lat-
tice-like barriers. The location of the barriers and the intracel-
lular structures forming them are still unknown and would have
different physiological consequences depending on whether
the barriers are between ATPases and mitochondria or not. The
lack of adaptation to inactive CK reported by us is in agree-
ment with the mechanism of CK operation suggested by Meyer
et al. (32) in their analysis.

If we assume the importance of the CK system as an
additional energy transport system in the heart, it seems intu-
itive that disruption of this shuttle by genetic knockout of
cytosolic and mitochondrial CK would lead to changes in the
ultrastructure and regulation of mitochondrial respiration. In
cardiomyocytes from CK ™/~ mice, rows of myofilaments were
split into thinner myofilaments by mitochondria wedging into
the branching points, as if to compensate for a lack of energy
transfer by diminishing intracellular diffusion distances (23).
In addition, permeabilized fibers from CK ™/~ mice have a
higher ADP affinity of respiration than WT control mice,
indicating smaller intracellular diffusion restrictions imposed
on the molecules (23). Such changes in morphology and ADP
affinity were consistent with the viewpoint that CK regulates
the local ATP-to-ADP ratio and “compensatory mechanisms
should be operating in CK™/~ mouse heart to overcome dif-
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fusion limitation and to preserve cardiac function at least at
moderate levels of activity” (23). It was therefore surprising to
find no difference between cardiomyocytes from GAMT /'~
and their WT littermates. Both had parallel rows of mitochon-
dria with the same distances between mitochondrial centers
(Figs. 4 and 5 and Table 1). In permeabilized cardiomyocytes,
ADP sensitivity was similar at the population level (Fig. 6) as
well as at the single cell level (Fig. 7). Finally, intracellular
compartmentation, as assessed by kinetic measurements and
mathematical modeling, was found to be the same in both WT
and GAMT /™~ cardiomyocytes. These findings are in agree-
ment with and extend the observations of a recent study (30)
that failed to identify any adaptational changes when left
ventricular proteomes, adenylate kinase activity, or mitochon-
drial respiration were compared.

The difference between our results and those from CK '~
mice might be explained by differences in the genetic back-
ground (CK™/~ mice on a mixed C57BL/6 and S129 back-
ground were compared with WT C57BL/6 mice) and genetic
drift. This has been shown to play a role in a study (31) of mice
deficient in mitochondrial CK (Mt-CK ™/~ mice). In the present
study, we compared GAMT /~ mice with their WT litter-
mates. Alternatively, the different outcomes may be the result
of different genetic modifications. Indeed, CK is a structural as
well as catalytic protein. Muscle-type CK is an integral part of
the myofibrillar M-band (17, 18, 49), where it serves as an
efficient ATP-regenerating system for myosin ATPase located
on both sides of the M-band (58). Mt-CK in the mitochondria
seems to play a structural role in addition to ADP regeneration.
It has been suggested that the octameric form induces the
formation of contact sites between the inner and outer mito-
chondrial membranes (46), where it is involved in lipid transfer
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between the two membranes (11). In another study (29), the
structural role of Mt-CK has been demonstrated by finding that
it stabilizes specific contact sites between inner and outer
mitochondrial membranes. It must be noted that these findings
are not from cardiac muscle. It remains to be verified whether
the lack of Mt-CK in cardiac muscle affects mitochondrial
organization. However, an increase citrate synthase activity
does suggest an increased mitochondrial volume in cardiac
muscle of Mt-CK™/~ mice (31). As CK is expressed to the
same extent in GAMT /™ mice as in WT mice (19), these other
roles of (especially) Mt-CK are preserved in GAMT /™ mice,
and our results reflect only the catalytic role of CK.

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

Applied methods and study limitations. In this study, we
used confocal microscopy to estimate the intracellular mito-
chondrial positioning in WT and GAMT '~ cardiomyocytes.
The analysis was based on a method that we have previously
applied on rat and trout cardiomyocytes (4, 50). Compared
with traditional electron microscopy, there are several differ-
ences that ought to be considered when interpreting the data
obtained by our method. Analysis of confocal images allowed
us to use live cells. Thus, there are no histological artifacts that
may be introduced by the fixation and dehydration of cells
during their preparation for electron microscopy (38). In addi-
tion, the distances between the centers of mitochondria esti-
mated by our method can be analyzed in three dimensions (Fig.
1) with an estimation based on a large number of mitochondria.
In this study, >20,000 mitochondria were analyzed for each of
the genotypes. Collecting a similar amount of data using
electron microscopy is possible but would probably not be
feasible when time and monetary costs are considered. Taking
into account that most of the SDs of the percentile points
shown in Table 1 are below 100 nm, the method can be
considered precise and should be able to identify subtle
changes in mitochondrial positioning. Note that those devia-
tions include variability between cells as well. Such precision
can be attributed to sub-Airy disk accuracy in finding centers of
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the objects in optical microscopy. However, in contrast to
electron microscopy, confocal microscopy images do not allow
us to determine relative distances between the borders of the
objects, such as the distance between membranes of neighbor-
ing mitochondria, due to the limits induced by diffraction. As
a result, in our study, such distances cannot be analyzed
accurately and have not been reported. A further consideration
is the isolation procedure, which is of great importance in
obtaining a high yield of viable cardiomyocytes with unaltered
morphological characteristics. The dissociation of a heart into
a single cell suspension involves several critical factors such as
excision and cannulation for perfusion, collagenase quality and
activity, the length of enzyme digestion, and the Ca>* concen-
tration in the perfusion solution. To control for these variables,
we used several criteria to check the quality of the isolation
procedure, for example, contraction of cardiomyocytes upon
electrical field stimulation, indicating that cells are Ca** tol-
erant, and checking for the prevalence of rod-shaped cells with
clear striations and well-delineated membranes. However, even
with those tests, we cannot exclude a possibility that there are
some morphological changes introduced during the isolation
procedure that may influence the analysis of mitochondrial
positioning.

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

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

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

Physiological implications. The lack of compensatory
changes in GAMT ~/~ mice prompts a careful consideration of
the role of the CK system in cardiomyocytes. At the whole
heart level, both CK™/~ and GAMT /™ mice show almost no
changes in basal contractile performance (6, 42), but they fail
to perform at inotropically stimulated high workload and are
more susceptible to ischemia-reperfusion injury (10, 19, 47).
Clearly, the CK system is indispensable when the heart is
exposed to a severe energetic challenge. But how important is
it as an energy transport system? It is well established that a
significant fraction of energy transport occurs via the CK
system in the heart, and this is severely diminished in the
failing heart (20). However, Meyer et al. (32) suggested that
CK-facilitated energy transfer is merely a consequence of the
existence of the CK system and is not required for cardiac
function, if the diffusion distances are taken into account. Its
main role is to buffer temporal fluctuations in the ADP-to-ATP
ratio during situations, when energy demand is higher than
energy production (32). A recent analysis of 3'P NMR data
suggested that the contribution of the CK shuttle to overall
energy transfer between mitochondria and ATPases can de-
pend on the workload and could reduce with an increase in
workload or in pathological conditions (53). While our results
are by no means conclusive, they raise questions regarding the
importance of CK as an energy transport system at low and
moderate workloads.

In conclusion, our results suggest that the healthy heart is
able to preserve cardiac function at a basal level in the absence
of CK-facilitated energy transfer without compromising intra-
cellular organization and the regulation of mitochondrial en-
ergy homeostasis.
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Abstract

Creatine kinase (CK) is considered the main phosphotransfer system in the heart, important for overcoming diffusion restrictions
and regulating mitochondrial respiration. It is substrate limited in creatine-deficient mice lacking L-arginine:glycine amidinotrans-
ferase (AGAT) or guanidinoacetate N-methyltranferase (GAMT). Our aim was to determine the expression, activity, and mitochon-
drial coupling of hexokinase (HK) and adenylate kinase (AK), as these represent alternative energy transfer systems. In
permeabilized cardiomyocytes, we assessed how much endogenous ADP generated by HK, AK, or CK stimulated mitochondrial
respiration and how much was channeled to mitochondria. In whole heart homogenates, and cytosolic and mitochondrial frac-
tions, we measured the activities of AK, CK, and HK. Lastly, we assessed the expression of the major HK, AK, and CK isoforms.
Overall, respiration stimulated by HK, AK, and CK was ~25, 90, and 80%, respectively, of the maximal respiration rate, and ~20,
0, and 25%, respectively, was channeled to the mitochondria. The activity, distribution, and expression of HK, AK, and CK did
not change in GAMT knockout (KO) mice. In AGAT KO mice, we found no changes in AK, but we found a higher HK activity in
the mitochondrial fraction, greater expression of HK |, but a lower stimulation of respiration by HK. Our findings suggest that
mouse hearts depend less on phosphotransfer systems to facilitate ADP flux across the mitochondrial membrane. In AGAT KO
mice, which are a model of pure creatine deficiency, the changes in HK may reflect changes in metabolism as well as influence
mitochondrial regulation and reactive oxygen species production.

NEW & NOTEWORTHY In creatine-deficient AGAT ™'~ and GAMT ™~ mice, the myocardial creatine kinase system is substrate
limited. It is unknown whether subcellular localization and mitochondrial ADP channeling by hexokinase and adenylate kinase
may compensate as alternative phosphotransfer systems. Our results show no changes in adenylate kinase, which is the main al-
ternative to creatine kinase in heart. However, we found increased expression and activity of hexokinase | in AGAT /~ cardiomy-
ocytes. This could affect mitochondrial regulation and reactive oxygen species production.

adenylate kinase; cardiac energetics; creatine-deficient mice; creatine kinase; hexokinase

INTRODUCTION performance is near-normal at low to moderate workloads
and is blunted at high workloads (11), but the development of

The creatine kinase (CK) system is considered a crucial —chronic heart failure following myocardial infarction is not

phophotransfer system in the heart, ensuring adequate
energy transfer to fuel cardiac mechanical work. Indeed, loss
of CK and its functional coupling to mitochondrial respiration
is a hallmark of cardiac ischemia-reperfusion (I-R) injury (1-
4), and it is potentially a major culprit of the compromised
function in energy-starved, failing hearts (4-6). The latter is
supported by the finding that overexpression of CK amelio-
rates cardiac dysfunction after I-R injury and in failing hearts
(7-9). However, studies on transgenic mice lacking both the
cytosolic and mitochondrial CK (Mi-CK) isoforms in muscle
[CK knockout (KO) mice] have been equivocal (10). Cardiac
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exacerbated (12). CK KO mice do eventually develop sponta-
neous congestive heart failure but only in aging males on an
appropriate genetic background (13).

The intracellular environment of cardiomyocytes is
densely packed with structures forming lattice-like barriers
causing anisotropic diffusion (14-16). In rat cardiomyocytes,
half of the diffusion restriction is at the level of the outer mi-
tochondrial membrane (17). Cardiomyocytes have multiple,
integrated phosphotransfer systems formed by adenylate ki-
nase (AK) and glycolytic enzymes such as hexokinase (HK)
(18). CK, AK, and HK are all involved in metabolic sensing

Check for
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and regulation, and their activities and extent of mitochon-
drial association vary between tissues (19). However, the CK
system, with mitochondrial CK located in the mitochondrial
intermembrane space, is believed to be critical for conveying
metabolic signals from the ATPases across the diffusion bar-
riers to the adenine nucleotide translocase (ANT) in the mi-
tochondria, ensuring that ATP production by respiration
meets demand (20-26). Hearts from CK KO mice exhibit sev-
eral changes that may enable normal cardiac function at
moderate workloads. The mitochondria are reorganized, and
the apparent ADP-affinity of mitochondria is higher, retain-
ing the functional coupling between mitochondria and
ATPases (27). Furthermore, there is a compensatory increase
in both AK- and HK-catalyzed phosphotransfer (28).

Creatine-deficient mice are alternative models to study
the role of the CK system. For the CK system to function, cre-
atine is either taken up via the food or synthesized in the
body. The two enzymes involved in creatine synthesis are L-
arginine:glycine amidinotransferase (AGAT; EC 2.1.4.1) and
guanidinoacetate N-methyltransferase (GAMT; EC 2.1.1.2).
The cardiac phenotype of GAMT KO mice is remarkably
mild. Similar to CK KO mice, they exhibit a reduced contract-
ile reserve, and recovery of cardiac function is compromised
following acute ischemia (29). However, their exercise
capacity and response to surgically induced chronic heart
failure are similar to those in wild-type mice (29, 30). The
other creatine-deficient model, AGAT KO, exhibits impaired
cardiac contractility even at baseline, but this is driven by
the combined lack of creatine and homoarginine (31), which
is another AGAT product and a marker of overall cardiac
health (32). Hearts from both GAMT and AGAT KO mice
have similar respiration capacity and total AK activity as
their wild-type littermates (30, 31).

As AK and HK take on a more prominent role in the hearts
of CK KO mice (28), we speculated whether the expression
and mitochondrial association of these two enzymes is up-
regulated in hearts from GAMT and AGAT KO mice.
Changes in the intracellular distribution of HK may occur
without changes in the overall activity (33), and it is conceiv-
able this could also be the case for AK. Therefore, the present
study was undertaken to determine 1) the stimulation of mi-
tochondrial respiration by activating HK, AK, and CK in per-
meabilized cardiomyocytes, 2) the intracellular distribution
of HK, AK, and CK between cytosol and mitochondria sepa-
rated by fractionation of whole tissue homogenate, and 3)
the expression of the major isoforms of HK (isoforms I and
1I), AK (isoforms 1 and 2), and CK (MM-CK and sarcomeric
mitochondrial CK) in hearts from AGAT and GAMT, KO and
WT, and male and female mice. CK was included in the
measurements as its overall activity and isoform distribution
is similar in AGAT KO and wild-type mice and with no or
only minor changes in GAMT KO mice (29-31).

MATERIALS AND METHODS

All animal procedures were carried out according to direc-
tive 2010/63/EU of the European Parliament and had been
approved by the Project Authorisation Committee for
Animal Experiments in the Estonian Ministry of Rural
Affairs.
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Animals

GAMT (34) and AGAT (32) heterozygous mice on a pure
C57BL/6J genetic background (backcrossed for >10 genera-
tions) were originally from The Wellcome Trust Center for
Human Genetics (Oxford, UK). The animals were kept and
bred in the animal facility of Tallinn University of
Technology at an ambient temperature of 22-22.8°C and a
12:12-h light-dark cycle. They had free access to water and
food (naturally creatine-free V1534-000 Rat/mouse mainte-
nance from Ssniff Spezialdidten GmbH, Germany). As the
AGAT KO mice were small and weak, they were housed in
groups whenever possible, given moistened food at the bot-
tom of the cage, and had longer cages with a heating lamp at
one end to allow for behavioral thermoregulation. Breeding
was performed with heterozygous mating to obtain KO and
WT littermates. Both GAMT and AGAT KO mice were housed
separately from their WT and heterozygous littermates to
avoid accumulating creatine via coprophagia (34).

Genotyping

GAMT mice were genotyped by PCR as previously
described (35). AGAT mice were genotyped by PCR accord-
ing to the following protocol. Genomic DNA was extracted
from tissue samples by SDS/proteinase K (Bioline, London,
UK) digestion followed by isopropanol precipitation. PCR
amplification of the DNA fragments was performed using
the following specific primers: 5-AGCCCCTCTATTTCCC-
TTTTCATT-3' and 5-TTCCACTGCGTCATTCTCCTGTAA-3'.
PCRs were carried out in a 25-uL volume containing 1x PCR
buffer (Bioline Immobuffer, Bioline, London, UK), 0.5 mM
dNTP mixture (Bioline, London, UK), 1.2 mM MgCl,, 0.5 pmol-
uL! of each primer (TAG Copenhagen, Copenhagen,
Denmark), 5% DMSO, 1M betaine, 0.06 U-uL~! IMMOLASE
DNA polymerase (Bioline, London, UK), and 5uL template
DNA. The touchdown PCR protocol was as follows: an initial
denaturation at 95°C for 5min was followed by 10 cycles at
94°C for 605, 65°C (0.5°C decrease per cycle) for 60, 72°C for
30s, then another 35 cycles at 95°C for 605s, 60°C for 60s,
72°C for 30's, and a final extension step was carried out at 72°C
for 2min. This was done in a thermal cycler (Bio-Rad DNA
Engine, Bio-Rad Laboratories, Hercules, CA, or Eppendorf
Mastercycler, Eppendorf, Hamburg, Germany). PCR products
were electrophoresed on a 1% agarose gel with ethidium bro-
mide in 0.5x Tris-borate-EDTA. Amplification of a single 522-
bp product or a 277-bp PCR product corresponded to AGAT
WT or homozygous AGAT knockout (AGAT KO) genotype,
respectively. Simultaneous amplification of a 522- and 277-bp
fragments corresponded to a heterozygous AGAT genotype.

Isolation of Cardiomyocytes

Cardiomyocytes were isolated using slightly modified
version of a method described previously (35). Mice were
anaesthetized with ketamine/dexmedetomidine mixture
(150 mg-kg ™! and 0.5 mg-kg ™, respectively) and received
an injection of 250 U of heparin to prevent blood coagula-
tion. When the toe-pinch reflex was absent, the animal
was euthanized by cervical dislocation. The heart was
excised and immediately placed in ice-cold wash solution
consisting of the following (in mM): 117 NacCl, 5.7 KCl, 1.5
KH,PO,4, 4.4 NaHCO,, 1.7 MgCl,, 21 HEPES, 20 taurine,
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11.7 glucose, and 10 2,3-butanedione monoxime (pH was
adjusted to 7.4 with NaOH). It was cannulated via the
aorta on a Langendorff perfusion system. The heart was
first perfused with wash solution at 38.5°C at a constant
pressure of 80cmH,O0 for 5min with a flow rate of 2-3
mL-min—'. After the heart was washed free of blood, the
perfusion was switched to a digestion solution, which
consisted of wash solution containing additional 0.2-
0.25mg-mL~! Liberase DL and 1.36 mg-mL " of dispase II.
After 10-20 min perfusion, when the heart was soft, the
ventricles were cut into four pieces, transferred into
digestion solution, and incubated further at 37°C with
gentle shaking until the tissue started falling apart. Cells
were further dissociated with a pasteur pipette. As a
result, the cell suspension was a mix of isolated cardio-
myocytes from the left and right ventricles. Cells were
harvested several times during postdigestion and filtered
through a 100-um cell strainer (EASYstrainer Cell
Strainer, Greiner Bio-One) into a glass tube, which con-
tained glucose-free sedimentation solution consisting of
wash solution (without glucose and 2,3-butanedione
monoxime) containing additional 2mM pyruvate, 10 uM
leupeptin, 2 uM soybean trypsin inhibitor, and 3 mg-mL~*
BSA. Each time, additional digestion solution was added
to the undigested cells. Then, the viable cells were sepa-
rated by sedimentation or by centrifugation at 300 rpm
for 2min. First, extracellular Ca®?*was gradually incre-
ased to 2mM to ensure Ca®* tolerance of the cells. After
this, extracellular Ca®* was washed out again by washing
the cells three times with 5 mL of sedimentation solution.
Isolated cells were stored in this solution at room temper-
ature until use within 3h.

Respirometer Recordings

Respiration of saponin-permeabilized cardiomyocytes
was determined at 25°C with a Strathkelvin RC 650 respirom-
eter equipped with six 1302 O, electrodes connected via a 929
Oxygen System interface (all from Strathkelvin Instruments,
Glasgow, UK) to a computer. The O, tension in each chamber
was recorded by the software provided by Strathkelvin
Instruments and our homemade software, which immedi-
ately calculated the rate of O, consumption as well. The lat-
ter is open-source software and is freely available at https://
iocbio.gitlab.io/Kkinetics.

To start the respiration experiments, 5 to 40 uL cell sus-
pension was added to the respiration chamber containing 2
mL of respiration solution consisting of 110 mM sucrose,
60 mM K-lactobionic acid, 3 mM KH,PO,4, 3 mM MgCl,, 20
mM HEPES, 20 mM taurine, 0.5 mM EGTA, 0.5 mM dithio-
threitol (DTT), 2 mM malate, 5 mM glutamate, 5mg-mL™"
BSA, and 25pg-mL~"! saponin (pH was adjusted to 7.1 with
KOH). For HK, AK, and CK experiments, different amounts
of cells were added to get a good resolution without running
out of oxygen during the experiment. As the activity of HK is
relatively low, we added 30-40 pL of cell suspension to the
chambers, where HK function was assessed. In contrast, the
activity of AK was very high, and we added 5-20 pL of cell
suspension to the chambers, where AK function was
assessed. Cells were allowed at least 5min to permeabilize
before the steady-state basal respiration rate, V,, was
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recorded. After that, 2mM ATP were added to stimulate non-
specific ATPase activity. After reaching steady state, we
added 10 mM glucose to stimulate HK or 1 mM AMP to stimu-
late AK. To stimulate CK, 20 mM creatine were present in the
respirometer chamber from the beginning, before the cells
were added, and the addition of 2mM ATP activated CK as
well as other ATPases. However, the experiments with HK
and AK demonstrated that the nonspecific ATPase rate was
relatively low as is to be expected in quiescent cardiomyo-
cytes. At first, endogenous ADP from HK, AK, or CK was
exclusively consumed by the mitochondria and stimulated
respiration. Then, the addition of 5mM phosphoenolpyru-
vate (PEP) induced a decrease in respiration rate due to acti-
vated endogenous pyruvate kinase (PK) that competed with
mitochondria for the consumption of ADP. Finally, by the
addition of 20U-mL ! exogenous PK, we assessed the frac-
tion of the ADP flux that was channeled directly from the ki-
nase to the mitochondria.

In parallel, in another chamber, cells were stimulated first
with ATP to stimulate ATPases and then with 10 mM glucose
to stimulate HK or ImM AMP to stimulate AK. Again, to
stimulate CK, 20 mM creatine were present in the respirome-
ter chamber from the beginning, before the cells were added,
and the addition of 2mM ATP activated CK as well as other
ATPases. Finally, the respiration rate was stimulated to maxi-
mal, Vinax by the addition of 2mM ADP. This allowed us to
assess the capacity of HK, AK, and CK relative to Vi.y, as well
as to determine the coupling efficiency, defined as (Vinax — Vo)/
Vinax (36).

The ADP stock solution contained the following (in mM):
200 ADP and 60 MgCl, (pH adjusted to 7.1 with KOH).

The ATP stock solution contained the following (in mM):
200 ATP, 160 Mg-acetate, and 20 HEPES (pH adjusted to 7.1
with KOH). The ATP stock solution was prepared with Mg-
acetate instead of MgCl,, as this prolonged its storage life. As
2mM ATP were added to all experiments, any impact acetate
may have had as a mitochondrial substrate was the same in
all experiments.

Fractionation

The mouse was anesthetized and euthanized as described
above for the isolation of cardiomyocytes. The heart was
quickly removed and immediately transferred to a glass
beaker with ice-cold isolation solution. The heart was
trimmed of any obvious fat and connective tissue, gently
blotted to remove excess fluids, and weighed before transfer
to an ice-cold glass plate. All subsequent procedures were
carried out on ice. The heart tissue was minced with scissors
into very small pieces and suspended in 8 mL ice-cold ho-
mogenization buffer per gram tissue (33). The homogeniza-
tion buffer contained the following (in mM): 250 sucrose, 20
HEPES, and 1 DTT and protease inhibitors (1 tablet cOmplete
mini per 10 mL of buffer). Next, the heart was homogenized
in a prechilled 15 mL Potter-Elvehjem homogenizer. From
this homogenate, 200 uL. were taken aside for assays on
whole tissue homogenate. The remaining homogenate was
centrifuged at 1,000 g for 3 min at 4°C to pellet tissue debris.
The pellet was discarded, and the supernatant was trans-
ferred to a new Eppendorf and centrifuged at 10,000 g for 1h
at 4°C. The resulting supernatant represented the cytosolic
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fraction, and the pellet represented the mitochondrial frac-
tion. The supernatant was transferred to a new Eppendorf,
and the remaining liquid from the pellet was carefully
removed with blotting paper. The mitochondrial pellet was
resuspended in 200 pL. homogenization buffer. The superna-
tant (cytosolic fraction) was cleaned once more by centrifu-
gation at 11,000 g for 10 min at 4°C. Fifty microliters of whole
tissue homogenate and cytosolic and mitochondrial fraction
were taken aside for protein measurements. The whole tis-
sue homogenate and mitochondrial suspension were incu-
bated on ice for at least 30 min with Triton-X 100 at a final
concentration of 0.5%. All suspensions were stored at —80°C
until recording of their enzyme activities.

Enzyme Activities

Enzyme activities were measured with coupled enzyme
assays using an Evolution 600 spectrophotometer (Thermo
Fisher Scientific) equipped with a Peltier water-cooled cell
changer (SPE 8W, Thermo Fisher Scientific) to maintain
temperature at 25°C.

Citrate synthase (CS) activity was recorded in a total
volume of 1 mL CS buffer containing the following (in
mM): 100 Tris-HCI buffer (pH 8.1), 0.1 5,5'-dithiobis(2-
nitrobenzoic acid), and 0.3 acetyl-CoA. The assay was
started by the addition of 10 pL of diluted (1:10) fraction
(mitochondrial or cytosolic fraction or whole tissue ho-
mogenate). The change in absorbance was recorded for
2min at 412nm before (for reference) and after addition
of 0.5 mM oxaloacetate. The activity was calculated using
the extinction coefficient for thionitrobenzoate, which is
14,150 M "-cm ! at 25°C (37).

Activities of creatine kinase (CK) and adenylate kinase
(AK) were measured in a total volume of 1 mL AK/CK
buffer containing the following (in mM): 20 HEPES, 20
glucose, 5Mg acetate, 0.5 DTT, 0.6 NADP, and 1.2 ADP.
pH was adjusted to 7.4 with KOH. Immediately before
use, we added 5 U-mL~! hexokinase and 5 U-mL ™ glucose-
6-phosphate dehydrogenase. The assay was started by the
addition of 10 uL of diluted (1:10) fraction. The absorb-
ance was measured for 2 min at 340 nm before (AK activ-
ity) and after addition of 10 mM creatine phosphate (CK
activity + AK activity).

Hexokinase (HK) activity was measured in 1 mL HK
buffer containing the following (in mM): 20 HEPES, 20
glucose, 5 Mg acetate, 0.5 DTT, 0.6 NADP, and 2 ATP. pH
was adjusted to 7.4 with KOH. Immediately before use,
we added 5U-mL~! glucose-6-phosphate dehydrogenase.
The assay was started by the addition of 10 uL of nondi-
luted fraction, and the reduction of NADP was followed at
340 nm for 2 min.

Lactate dehydrogenase activity (LDH) was measured in 1
mL LDH buffer containing the following (in mM):
34.1K,HPO,, 7.35 KH,PO,, 0.35 sodium pyruvate, and 0.3
NADH (pH was adjusted to 7.5 with K,HPO,/KH,PO,). The
assay was started by the addition of 10 uL of nondiluted frac-
tion, and the reaction was monitored for 2 min at 340 nm.

The activities of AK, CK, HK, and LDH were calculated
using the extinction coefficient for NADH/NADPH (£340 =
6220 M~ tcm™). All measurements were performed in tripli-
cate, and the results were averaged.
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Western Blotting

Frozen hearts were homogenized in a glass homogenizer
at a concentration of 20 mg tissue/mL of extraction buffer
containing the following (in mM): 50 Tris, 150 NaCl, 2% SDS,
and 1 DTT and 1 tablet each of cOmplete Mini and PhosSTOP
protease and phosphatase inhibitor cocktails, respectively,
per 10 mL. The protein concentration was determined spec-
trophotometrically (see Determination of Protein Content).
Ten micrograms of protein were loaded onto SDS-PAGE gels
(4% stacking gel, 10 or 12% separating gel), which were run at
60V for ~35min followed by 120V for 50-55min in a Mini-
PROTEAN Tetra System using a PowerPac HC power supply
(Bio-Rad Laboratories, Hercules, CA). The separated proteins
were transferred onto a nitrocellulose membrane overnight
at 4°C at 90 mA. The protein loading was assessed by stain-
ing with a 0.1% Ponceau S solution followed by two washes
with ultra-pure water. After imaging the Ponceau staining,
the membranes were blocked with 5% BSA, incubated with
primary antibody, and incubated with secondary antibody
in a Tris-buffered saline with 0.1% Tween-20 (TBST) for 1h at
room temperature. Between each step, the membranes were
washed two times for 10 min in TBST. The antibodies were
detected with the Bio-Rad Clarity Western ECL substrate.
Both Ponceau and antibody staining were imaged in an
Image Quant LAS 400 imager.

The primary antibodies were from Cell Signaling
Technology (CST), Abcam, or ThermoFisher Scientific (TFS):
hexokinase I (C35C4) [CST, product no 2024, Research
Resource Identifier (RRID):AB_2116996, 1:1,000)], hexokinase
II (C64GS5) (CST, product no. 2867, RRID:AB_2232946,
1:1,000), adenylate kinase 1 (TFS, product no. PA5-89246,
RRID:AB_2805440, 1:1,000), adenylate kinase 2 (Abcam,
product no. ab166901, RRID:AB_2877142, 1:1,000), creatine
kinase MM (MM-CK; Abcam, product no. ab198235, RRID:
AB_2877143, 1:8,000), creatine kinase mitochondrial (TFS,
product no. PA5-106347, RRID:AB_2854023, 1:7,000), and
cytochrome oxidase (COX IV) (CST, product no 4844, RRID:
AB_2085427, 1:5,000). The secondary antibody was HRP-
Conjugated Goat Anti-Rabbit IgG (H + L) (Jackson Immuno-
Research Laboratories Inc.), which was diluted in TBST with
5% BSA and used at a dilution of 1:10,000 for detection of
HK I, HK I, AK 1, and AK 2, 1:50,000 for detection of COX IV,
1:70,000 for detection of Mi-CK, and 1:80,000 for detection
of MM-CK. The amount of protein loaded on the gel and the
dilutions of the primary and secondary antibodies had been
optimized in preliminary experiments, where proportional-
ity of the staining intensity to protein concentration had
been verified.

The Western blots for COX IV, HK, AK, and MM-CK were
straightforward, showing single bands near the expected mo-
lecular weight. However, Mi-CK had three bands. To test the
specificity of these bands, we used liver as a negative control
and gastrocnemius, which has lower levels of Mi-CK than
the heart. In liver, the lowermost band was faint, but visible,
suggesting that this band was nonspecific. In gastrocnemius,
the top band was fainter than in heart, whereas there were
two strongly stained bands in the middle, suggesting that
only the top band was specific for Mi-CK. Therefore, we ana-
lyzed only the top band, and only the first half of the inten-
sity profile to avoid any impact from the middle band.
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For the analysis, the samples were split into two groups:
AGAT (WT and KO) and GAMT (WT and KO). As a single gel
was insufficient to measure all samples in a group, one or
two lanes were used for a reference sample that was a mix of
all the samples in the group and used throughout the study.
The tissue samples were distributed in a random order and
were measured two to three times.

The staining intensity was determined using the free soft-
ware, GelAnalyzer 19.1 (www.gelanalyzer.com). For the
Ponceau staining images, the background was determined
and subtracted using ImageJ. The staining intensities were
entered into the database using IOCBIO WebDB (https://
gitlab.com/iocbio/webdb).

For each gel, the intensities of Ponceau, HK/AK/CK, and
COX IV were normalized first to the amount of protein in the
lane and then normalized to the corresponding intensity per
protein of the reference lane. If the reference sample was
loaded into multiple lanes, the mean intensity per protein
for the reference lanes was used for normalization. For the
statistical analysis, the signal of the protein of interest (HK/
AK/CK) was normalized to protein content, Ponceau stain-
ing, and, in the case of HK and AK, COX IV intensity. For
each tissue sample, the average of the normalized intensity
was used for statistical analysis.

Determination of Protein Content

Protein content was determined spectrophotometrically.
Fifty microliters of sample were incubated with 2.5 pL of
30% sodium dodecyl sulfate (SDS) at 80°C for 30 min, except
for the Western blotting tissue extract, which already con-
tained SDS and was incubated directly at 80°C for 30 min.
After heating, the transparent solution was frozen until deter-
mination of their protein content in a BioSpec-nano or a
NanoDrop 200c spectrophotometer (Shimadzu Scientific
Instruments Inc., Columbia, MD, and ThermoFisher Scientific,
Waltham, MA), which recorded the absorption spectra from
220-800 nm. The protein content of each sample was meas-
ured at least three times, and the results were averaged. The
absorption at 280 nm was background corrected by subtracting
the absorption at 330 nm, and protein content was calculated
using the molecular weight and extinction coefficient of BSA
(66 400g-mol* and 43,824 Mtcm™), respectively). For iso-
lated cardiomyocytes, the protein content of each cell suspen-
sion was corrected for the protein content of the corresponding
sedimentation solution. For homogenate, cytosolic and mito-
chondrial fractions, and for Western blotting tissue extract, the
protein content was corrected for that of the homogenization
buffer.

Chemicals

If not specified otherwise, the chemicals were from Merck
or VWR.

Statistics

Values are given as means + SE. If not stated otherwise,
data are plotted using the Tukey box plot notation.
Statistical tests and analysis were performed in R, using
Bayesian ANOVA with the statistical models considering
changes induced by phenotype (WT vs. KO), gender (male
vs. female), and interaction between these factors. For Bayes
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Factor (BF) interpretation, common evidence categories
were used (38), with BF >10 considered to be statistically
significant.

RESULTS

We assessed the activity and mitochondrial association of
HK, AK, and CK in creatine-deficient mice in several ways. On
permeabilized cardiomyocytes, we assessed how much their
ATPase activity stimulates respiration. To complement these
measurements, we assessed the intracellular distribution of HK,
AK, and CK in experiments, where whole tissue homogenate
was centrifuged to separate the cytosolic and mitochondrial
fractions. Lastly, we used Western blotting to assess the expres-
sion of the major isoforms of HK, AK, and CK in the heart.

Animals

Table 1 shows the morphological data of the animals used
for these experiments. As we could not measure the heart
weight of the mice used for cardiomyocyte isolation, the
heart weight is only reported for the mice used for fractiona-
tion and Western blotting. For both AGAT and GAMT mice,
the body weight, tibial length and heart weight were signifi-
cantly affected by both genotype and sex (BF > 100, extreme
evidence). For the body weight of AGAT mice, there was also
a significant interaction between genotype and sex (BF > 30,
very strong evidence), because the body weight of males was
more affected than that of females. The body weight of
AGAT and GAMT KO mice was ~60% and ~75%, respec-
tively, of the body weight of WT littermates. As a result, the
relative heart weight (HW/BW) was higher in both AGAT and
GAMT KO (BF >100, extreme evidence) but did not differ
between males and females.

Mitochondrial Respiration Capacity, Citrate Synthase,
and Lactate Dehydrogenase Activities

For the experiments recording the respiration of isolated,
permeabilized cardiomyocytes, the stimulation of respira-
tion by endogenous ADP generated by HK, AK, or CK was
determined relative to the maximal respiration rate as
recorded in the presence of 2mM ADP, V,.x. When normal-
ized to the protein content of the cell suspension, there was
no effect of genotype or sex on V., Which was 129 £9 and
106 =7nmol O,-min *mg protein~! in AGAT KO and WT,
respectively, and 108+6 and 127=14nmol O,min'mg
protein—! in GAMT KO and WT, respectively.

To determine the overall activities and intracellular distri-
bution of CK, AK, and HK, we prepared cardiac whole tissue
homogenates, from which a part was separated by differen-
tial centrifugation into a cytosolic and mitochondrial frac-
tion. The activities of lactate dehydrogenase (LDH) and
citrate synthase (CS) were used as markers of cytosol and mi-
tochondria (33). Figure 1 shows the total activities of LDH
(Fig. 1, A and B) and CS (Fig. 1, C and D) in whole tissue ho-
mogenate, the cytosolic fraction, and the mitochondrial frac-
tion from AGAT and GAMT, WT and KO, and males and
females. When analyzed by Bayesian ANOVA, there was no
effect of genotype or sex in any of the measurements.

The activities in Fig. 1 are normalized to the protein con-
tent. For whole tissue homogenate, we also calculated the
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Table 1. Characteristics of the mice used in the experiments

Genotype/Sex n Age, days BW, g TL,cm HW, mg HW/BW, mg/g
AGAT WT
F 29 (18) 199+9 247+0.7 2.17+0.01 103+3 42+01
M 23 (13) 209+9 31.5+£0.7 2.26+0.01 129+3 4.0+01
AGAT KO
7 23(13) 21+1 15.4+0.4 2.08+0.01 80+2 5.5+0.1
M 23 (14 200+10 17.7+0.4 2.10+0.01 93+2 54+0.1
Genotype *okok Kook *okok Kook
Sex *okk *kk *kk
Interaction *ok
GAMT WT
F (12) 258+16 26.6+0.8 2.21£0.01 Nn4+3 4.0+01
M 12) 26016 31.9+1.0 2.24+0.01 137+4 4.0+01
GAMT KO
F 17 (1) 246 +18 19.2+0.5 2.13+0.02 96+3 49+01
M 20 (14) 25016 242+04 2.20+0.01 19+2 49+01
Genotype ook *okok ook *okok
Sex *okok Hokok *okok
Interaction

Values are means *+ SE. We report the age, bodyweight (BW), tibial

length (TL), absolute heart weight (HW), and relative heart weight

(HW/BW). The total number of animals is shown in column n. As we could not weigh the hearts used for cardiomyocyte isolation, the
heart weight (HW and HW/BW) is reported for a smaller number of animals, indicated in parenthesis. AGAT, L-arginine:glycine amidino-
transferase (AGAT); GAMT, N-guanidinoacetate methyltranferase. Below each genotype, we show the results of the statistical analysis by
a two-way Bayesian ANOVA assessing the effect of genotype, sex, and their interaction. **Indicates 30 < Bayesian factor (BF) <100,

strong evidence; ***indicates BF >100, extremely strong evidence.

enzyme activities normalized to the wet weight. These
results are shown in Table 2. The number of experiments for
each of the groups shown in Table 2 is the same for all meas-
urements related to the study of intracellular distribution by
fractionation. When the activities of CS and LDH were nor-
malized to the wet weight, there was also no effect of geno-
type or sex.

Hexokinase Stimulation of Respiration, Activity, and
Distribution

To assess the activity and distribution of HK, we stimu-
lated respiration via HK, which resides in the cytosol, but
has a fraction bound on the outside of mitochondria. As
shown schematically in Fig. 2A, the addition of ATP and glu-
cose to the solution with permeabilized cardiomyocytes
stimulates HK to produce endogenous ADP. This ADP
enters mitochondria via voltage-dependent anion channel
(VDAC) and stimulates respiration. This can be measured
as the reduction in oxygen concentration in the solution as
shown in the representative experimental trace in Fig. 2B.
Subsequent addition of PEP activates endogenous PK,
which competes with mitochondrial respiration for ADP
produced by endogenous ATPases, such as HK. Further
addition of exogenous PK ensures that any ADP diffusing
from the ATPases into solution is immediately converted
to ATP. Only ADP, which is channeled directly from HK to
the mitochondria, stimulates respiration. This is due to
the large overall activity of PK in the solution surrounding
the cardiomyocytes compared with the overall activity of
ATPases in cardiomyocytes. In the second half of Fig. 2B
trace, the reduction in respiration rate after the addition of
PEP and subsequent addition of PK is shown. In parallel
with the described experiment, we performed, with the
same cardiomyocyte suspension, an experiment in which
we added 2 mM ADP to the solution instead of PEP and PK.
This allowed us to determine the respiration stimulated by
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HK (Vyx) relative to the maximal respiration rate (Vyax)
under our conditions.

The statistical analysis of all experiments is summarized
in Fig. 2, C-F. Figure 2, C and D, shows the averaged results
from the respiration experiments with AGAT and GAMT
mice, respectively. The left shows the respiration rate in the
presence of ATP and glucose, Vyg, as a fraction of Viax
obtained with 2 mM ADP. In AGAT mice, Vijk/Vimax Was mod-
erately lower in KO than in WT (17.5+0.7% and 25.2+1.4%,
respectively; BF >100, extreme evidence). In GAMT mice,
Virk/ Vimax Was 22.4+1.6% and 27.3+3.0% in KO and WT,
respectively, and this was not significantly different. The
coupling efficiency of respiration was 92.6+0.4% and
91.4 £0.4% for AGAT and GAMT mice, respectively. The rela-
tive inhibition by PEP and PK was the same irrespective of
genotype or sex, and they lowered the respiration rate to
16.1£1.8% in AGAT and 24.5 £2.6% in GAMT.

The total activity of HK was much lower than for the other
enzymes (AK and CK; Table 2). Figure 2, E and F, shows the
averaged HK activities recorded in the three different frac-
tions. AGAT KO mice had a slightly higher HK activity in the
mitochondrial fraction (Fig. 2E; BF >30, very strong evi-
dence). In GAMT mice, there was no effect of genotype or
sex (Fig. 2F).

Adenylate Kinase Stimulation of Respiration, Activity,
and Distribution

As for HK, we assessed how ADP generated by the AK reac-
tion stimulates respiration and is inhibited by PEP and PK. In
contrast to HK, which is exclusively cytosolic, AK has cyto-
solic as well as mitochondrial isoforms (Fig. 3A). Respiration,
in this case, was stimulated by ATP and AMP and resulted in
a large increase in respiration rate (Fig. 3B). This respiration
rate (Vagx) was almost fully inhibited by the addition of PEP
and PK, as illustrated in representative experiment (Fig. 3B).
Figure 3, C and D, shows the averaged results from the
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Figure 1. The overall activity and intracellular distribution of lactate dehydrogenase (LDH) and citrate synthase (CS) in L-arginine:glycine amidinotransfer-
ase (AGAT) and guanidinoacetate N-methyltranferase (GAMT) mice. The activities of LDH (A and B) and CS (C and D) in whole tissue homogenate (tissue)

and the cytosolic (cyto) and the mitochondrial (mito) fraction in hearts from

AGAT and GAMT wild-type (WT) and knockout (KO) mice. The number of ex-

perimental animals in each group is the same as in Table 2. The effects of genotype, sex, and their interaction were assessed by a two-way Bayesian
ANOVA. There was no effect of genotype or sex in any of these measurements.

respiration experiments with AGAT and GAMT mice, respec-
tively. There was no effect of genotype or sex, and the pooled
Vak/Vimax Was 85.9+2.1% and 95.4 £1.0 in AGAT and GAMT,
respectively. The coupling efficiency of respiration was
92.3+0.6% and 91.5 + 0.5% for AGAT and GAMT mice, respec-
tively. The addition of PEP and PK lowered the respiration
rate to an average of 4.2+1.2 and —1.0+0.5% of Vax in AGAT
and GAMT, respectively.

Table 2 shows the average AK activity in whole tissue ho-
mogenate normalized to the tissue wet weight. Figure 3, E
and F, shows the averaged AK activities recorded in the three
different fractions. Most of the AK activity was found in the
cytosolic fraction. There was no effect of genotype or sex in
any of the measurements related to AK.

Creatine Kinase Stimulation of Respiration, Activity, and
Distribution

CK resides in cytosol and in the mitochondrial inter-
membrane space. In contrast to AK, CK has been shown
to be functionally coupled to adenine nucleotide translo-
case through direct transfer of ADP between proteins
(39). The direct transfer is not expected to be for all ADP
produced by mitochondrial CK, as illustrated in Fig. 4A.
The respiration stimulated by addition of ATP (with crea-
tine present in the medium) (Vcx) was significant, with
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some of the respiration remaining after addition of PEP
and PK (Fig. 4B).

Figure 4, C and D, shows the averaged results from the res-
piration measurements with AGAT and GAMT mice, respec-
tively. In AGAT mice, Vck/Vinax Was moderately lower in KO
than in WT (66.2+22% and 79.8+2.5%, respectively;
BF >100, extreme evidence). In GAMT mice, Vck/Vinax Was
75.7+1.1% and 82.3+2.5% in KO and WT, respectively, and
this was not significantly different. The coupling efficiency
of respiration was 90.0 + 0.5% and 90.2 + 0.6% for AGAT and
GAMT mice, respectively. The addition of PEP and PK low-
ered respiration rate to an average of 18.6*1.9 and
27.7%2.6% of Ve in AGAT and GAMT, respectively. These
data are pooled because there was no effect of genotype or
Sex.

The total CK activity was close to the AK activity but
slightly lower (Fig. 4 and Table 2). AGAT KO mice had a
slightly lower CK activity than WT (Table 2, BF > 10, strong
evidence). In contrast, for GAMT mice, the CK activity differ-
ence between KO and WT littermates was not statistically
significantly different, as the model assuming differences
being due to genotype had a BF of 3.2. Figure 4, E and F,
shows the averaged CK activities recorded in the three differ-
ent fractions from AGAT and GAMT mice, respectively. The
CK activity was distributed ~50:50 between the cytosolic
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Table 2. Enzyme activities in the whole tissue homoge-
nate normalized to the wet weight

n LDH Cs CK AK HK
AGAT
WT
F 7 137#13 15311 238+21 27119 6.78+0.79
M 7 156+8 176+12 267+25 308+19  7.28+0.63
KO
F 13 131+7 142+12  208+14* 271415  7.55+0.7
M 7 13717 174:14 171£12%  244+22 6.65+1.03
GAMT
WT
F 6 124x16 163+10 228+22  272+13 5.77+0.54
M 8 149+1 170+£10 21517 281+£28 6.58+0.46
KO
F 6 139+9 163+5 185+£30 257+16 6.11+£0.32
M 6 145+12 176+6 160+8 232+15  6.07+047

Values are means * SE in pmol-min™-g wet wt?, and n denotes
the number of animals. AGAT, L-arginine:glycine amidinotransfer-
ase; GAMT, N-guanidinoacetate methyltranferase; LDH, lactate
dehydrogenase; CK, creatine kinase; HK, hexokinase; AK, adenyl-
ate kinase; KO, knockout; WT, wild type; F, female; M, male. The
effects of genotype, sex, and their interaction were assessed by a
two-way Bayesian ANOVA. *In AGAT mice, the CK activity was
slightly but significantly lower in KO than in WT (Bayesian
factor >10, strong evidence).

and the mitochondrial fraction. Bayesian ANOVA showed no
effect of genotype or sex.

Expression of HK, AK, and CK Isoforms

The expression of cytochrome oxidase (COX IV), HK I and
II, AK 1 and 2, MM-CK, and mitochondrial CK was assessed
by Western blotting. The results are shown in Fig. 5. In
GAMT mice, there was no effect of genotype or sex in any of
the expression patterns (Fig. 5B). However, in AGAT mice,
we saw a significant increase in the expression of HK I (Fig.
5C). The level of significance (BF >100, extreme evidence)
was independent of whether the HK I signal was normalized
to 1) the amount of protein loaded, 2) Ponceau protein stain-
ing, or 3) the COX IV signal.

DISCUSSION

Whereas we found no changes in the overall activity
and mitochondrial association of CK, AK, or HK in hearts
from GAMT KO mice, AGAT KO mice, which are consid-
ered a model of pure creatine deficiency (40), exhibited a
higher HK activity associated with the mito-chondria,
consistent with increased protein expression of HK I.
However, since AGAT KO mice had lower HK-stimulated
respiration, our results suggest that adaptive changes in
HK I in the hearts of creatine-deficient AGAT mice do not
to compensate for changes in overall energy transfer but
are related to other activities and functions of HK.

The mitochondrial association of HK, AK, and CK was
assessed in multiple ways. First, we recorded in permeabil-
ized cardiomyocytes how much respiration was stimulated
by their respective ATPase activity. These cardiomyocytes
are quiescent and do not represent the situation in vivo,
where energy fluxes are dynamic, but the preparation
allowed us to assess the relative capacities of the HK, AK,

H620

and CK phosphotransfer systems. The cardiomyocytes were
permeabilized with saponin, which only perforates the sar-
colemma, but leaves intracellular structures intact (41).
Consequently, cytosolic proteins in solution (such as LDH
and the nonbound fractions of HK, AK, and CK) can diffuse
out of the cells but will retain their catalytic function in the
surrounding solution. When the ATPase activity of HK, AK,
or CK was activated with ATP and glucose, AMP, or creatine,
respectively, this represents the total ATPase activity of solu-
ble as well as bound fractions of the enzymes. In one cham-
ber, the kinase ATPase activity was related to the maximal
respiration rate assessed by addition of 2mM ADP (Viinase/
Vmax)- The maximal respiration rate of permeabilized car-
diomyocytes was not affected by genotype or sex. This is
in agreement with other studies (30, 31, 35, 42, 43). In
another chamber, the ADP-flux from the kinase to the
mitochondria was inhibited by the addition of PEP and
PK, functioning as a competitive ADP trap. These experi-
ments show how much of the endogenously generated
ADP is channeled directly to the mitochondria. Note, that
for AK and CK, which have isoforms in the mitochondrial
intermembrane space, the channeling depends on the
association between enzymes as well as the permeability
of the outer mitochondrial membrane.

In addition to the respiration experiments, we assessed
the distribution of HK, AK, and CK between the cytosol and
mitochondria. CS activity is a marker of mitochondrial vol-
ume (44), and for the study of intracellular enzyme distribu-
tion, CS and LDH were used as markers of mitochondria and
cytosol, respectively, as in Ref. 33. Indeed, the majority of
LDH was found in the cytosol, and the majority of CS was
found in the mitochondrial fraction (Fig. 1). There was a
small cross-contamination between the fractions, which was
consistent between groups. CS in the cytosol could be due to
some of the mitochondria being damaged and ruptured dur-
ing the homogenization and fractionation process (33). The
presence of LDH in the mitochondrial fraction indicates a
small contamination from the cytosolic fraction. Although
great care was taken during the experiments, some contami-
nation could occur due to the small amounts of tissue used
in this work.

The enzyme activities shown in Fig. 1-4 are normalized
to the protein concentration. However, the outcome of
protein measurements depends on the assay as well as the
exact protocol (45), which complicates comparisons
between studies. Therefore, we also report the enzyme
activities in the whole tissue homogenate normalized to
wet weight (Table 2). When taking into account differen-
ces in assay temperature, the activities of CS and LDH
reported in the present study were close to those found by
others (27, 46-48). In agreement with the similar V. res-
piration rates and other studies of GAMT and AGAT mice,
we found no differences in the cardiac CS activity (Fig. 1
and Table 2) (29, 31).

Lastly, we assessed the expression of the major isoforms of
HK, AK, and CK. Their expression was related to either the
amount of protein, to the amount of protein estimated by
Ponceau staining, or (for HK and AK) to the expression of the
mitochondrial protein COX IV. COX IV expression was not
affected by genotype or sex, which again is in agreement
with the similar V,,x and CS activity.
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Figure 2. Hexokinase (HK) coupling to respiration and intracellular distribution in L-arginine:glycine amidinotransferase (AGAT) and N-guanidinoacetate methyl-
tranferase (GAMT) mice. A: schematic representation of reactions studied in permeabilized cardiomyocytes (see the main text for details). B: representative
example of respirometer recording. The volume of cardiomyocyte suspension (CM) is indicated. C and D: averaged results of the respiration experiments in
AGAT (C) and GAMT (D) mice. The number of animals in each group, GAMT and AGAT, wild-type (WT) and knockout (KO), and male and female was n=5-10.
Left: respiration stimulated by HK/maximal respiration rate (Viyx/Vimax). Right: fractional lowering by phosphoenolpyruvate (PEP) and pyruvate kinase (PK). £ and
F: the intracellular distribution of HK in AGAT (E) and GAMT (F). The number of experimental animals in each group was the same as in Table 2. The effects of
genotype, sex, and their interaction were assessed by a two-way Bayesian ANOVA. **Bayes factor (BF) > 30 and ***BF > 100, significant effect of genotype.

HK Expression, Distribution, and Stimulation of
Respiration Change in AGAT KO Hearts

HK catalyzes the first step in glycolysis. Adult mamma-
lian hearts mainly express HK isoforms I and II, of which
II is predominant (49). Whereas HK I is associated with
the mitochondria, the location of HK II is dynamic and
depends on metabolism. HK II functions as a metabolic
switch directing the fate of glucose (50, 51), and mito-
chondrial associated HK plays a crucial role in cardiac
protection (52-56).

AJP-Heart Circ Physiol - doi:10.1152/ajpheart.00188.2020 - www.ajpheart.org

In the present study, the HK activity in mouse heart (Fig. 2
and Table 2) was similar to the activity in rat heart (46, 57).
Overall, the ATPase activity of HK stimulated respiration to
~25% of Vinax (Fig. 2). The majority of HK was found in the mi-
tochondrial fraction (Fig. 2, E and F). Other studies have found
30-60% of HK in the mitochondrial fraction (33, 52).
Mitochondrially associated HK is bound on the cytosolic side
of the mitochondrial outer membrane (58) and is able to chan-
nel ADP to the matrix (59-61). This channeling was confirmed
in the present study, where PEP and PK did not fully inhibit
the respiration but lowered the rate to 16-25% (Fig. 2, C and F).
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In GAMT mice, the HK activity, distribution, and stim-
ulation of respiration did not differ between KO and WT.
However, AGAT KO mice had a slightly higher HK activity
in the mitochondrial fraction (Fig. 2E) and greater expres-
sion of HK I (Fig. 5), although the total HK activity did not
differ between KO and WT (Fig. 4 and Table 2). It may seem
counterintuitive that mitochondrially associated HK activity
increases, whereas the ADP feedback from HK to stimulate
respiration decreases (Fig. 2C). However, HK I binding to
VDAC promotes closure of the channel (62). This would limit
respiration at submaximal ADP concentrations, as generated
endogenously by HK in the presence of glucose and ATP but
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er of experimental animals in each group was the same as in Table 2. The effects
ANOVA. There was no effect of genotype or sex in any of the measurements.

not at saturating ADP concentrations as in the presence of
2 mM exogenous ADP. The influence of HK on the regulation
of oxygen consumption has been observed previously, where
acute, but not chronic, detachment of HK II from mitochon-
dria increased oxygen consumption in the perfused heart
(63). Taken together with the present results, this suggests
that HK is involved in regulating the gating of the mitochon-
drial outer membrane. This is an interesting topic that
deserves attention in future studies.

Our results are in agreement with a study on the cardiac
transcriptome of AGAT KO and WT hearts, where a greater
expression of HK I and a smaller expression of HK II was
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found (64). Although we did not see any difference in HK II
at the protein expression level, the greater expression of HK I
was clear (Fig. 5). As noted above, HK I binds to the mito-
chondria, and the higher HK activity near mitochondria and
the higher expression of HK I may confer several advantages.
First, due to differences in isoform kinetics, the greater pro-
portion of HK I may be an advantage for AGAT KO mouse
hearts, which have elevated levels of inorganic phosphate, P;
(31). P; counters the product inhibition of HK I (by glucose-6-
phosphate), whereas it may even aggravate the product inhi-
bition of HK II (65). Although this is complex, as the

AJP-Heart Circ Physiol - doi:10.1152/ajpheart.00188.2020 - www.ajpheart.org

sensitivity to glucose-6-phosphate decreases upon binding
to the mitochondria, the shift toward more HK I could be
to balance the regulation of overall HK activity. Second, as
mitochondrially associated CK and HK are both involved
in the buffering of mitochondrial ROS production (66-68),
a greater proportion of mitochondrially associated HK I
could compensate for the substrate limitation of mito-
chondrial CK.

We cannot say whether the change in cardiac HK is com-
pensatory or metabolically related. AGAT KO mice are re-
sistant to metabolic syndrome due to chronic activation of
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AMPK in their fat, skeletal muscles and hypothalamus of
the brain (69). Although the heart has a distinct phenotype
and no chronic AMPK activation (31), chronic AMPK acti-
vation in other tissues may have systemic effects, because
the nutritional uptake by fat and skeletal muscles may
indirectly affect that of other tissues, including the heart,
and/or the hypothalamus has a central role in the regulat-
ing whole body metabolism. The expression of HK is
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modified by diet and thus nutrient uptake (49). Further-
more, it has been suggested that mitochondrial HK is com-
mitted to glycolysis, whereas cytosolic HK promotes ana-
bolic pathways such as glycogen synthesis and the pentose
phosphate pathway (65). Thus the shift toward more mito-
chondrially associated HK I is in agreement with an overall
reduction of anabolism and promotion of catabolism in
AGAT KO mice.
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A comparison of AGAT and GAMT KO mice does not pro-
vide further clues regarding the cause of the change in HK,
as the phenotype of GAMT KO mice is generally milder.
Compared with AGAT KO mice, they have more grip
strength and smaller changes in skeletal muscle mass and
metabolic marker enzymes (34, 40, 70, 71). This is likely due
to GAMT mice accumulating guanidinoacetate, which may
substitute for creatine in the CK reaction albeit at reduced
reaction rates (72). In the hearts of GAMT KO, no increase in
P; is reported (29), and so HK regulation by Pi is likely unal-
tered. Furthermore, as Mi-CK buffers mitochondrial ROS
production with pM amounts of creatine (67), it is likely that
guanidinoacetate is a sufficient substitute.

AK and CK Phosphotransfer Systems in Hearts from
AGAT and GAMT Mice

AK is considered the second major phosphotransfer sys-
tem after CK, and it has been hypothesized that mitochon-
drial and cytosolic AK isoforms can facilitate energy transfer
much in the same way (73, 74). Several studies have
addressed the role of mitochondrial AK in the compartmen-
talization of adenine nucleotides in the mitochondrial inter-
membrane space (19, 61, 75).

In the present study, AK had the highest activity of the ki-
nases (Table 2). The activity was at the high end of the spec-
trum but close to that reported by others (27, 47). In
agreement with previous studies, the total AK activity was
not upregulated in GAMT and AGAT KO (30, 31). Only as
GAMT KO mice get older is an upregulation of the AK activ-
ity observed (42).

The present results show that the intracellular distribution
of AK and its coupling to respiration were also not affected
by creatine deficiency. Endogenous ADP produced by AK
stimulated the respiration rate almost to the maximum, but
this was basically abolished in the presence of PEP and PK
(Fig. 3, C and D). This suggests that almost all AK was situ-
ated in the cytosol and fully accessible for PEP and PK to
consume ADP, before it reached the mitochondria. The res-
piration data were corroborated by the fractionation data,
which showed that almost all AK activity was found in the
cytosol (Fig. 3, E and F). Others have also reported that AK is
mainly cytosolic in mouse heart (76). Both AK 1 and AK 2
were readily detected by Western blotting, which showed
that their overall expression was not affected by genotype or
sex (Fig. 5).

The activity, distribution, and coupling of CK were
included in this study as a control, because others have
shown that the overall activity and isoform distribution of
CK in the heart do not change in AGAT mice (31) and only lit-
tle in GAMT KO mice (29, 30). When taking differences in
assay temperature into account (assuming a Qo of 2.5 as in
Ref. 77), the total CK activity was 25-35% lower than reported
in some studies (27, 47) but similar to that reported by
Veksler et al. (48) for control mice.

When respiration was stimulated by the ATPase activity of
CK, the response was smaller in AGAT KO than in WT (Fig.
4C). This is in agreement with the lower total CK activity in
AGAT KO (Table 2). However, the MM-CK and Mi-CK protein
expression was not different (Fig. 5), suggesting that either
the changes were not resolved by Western blotting, the
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specific activity had changed, or any differences were due to
changes in the expression of brain-CK (B-CK). Another study
of AGAT mice found no difference in the CK activity and iso-
form distribution (31). There can, however, be some variation
between studies. In GAMT mice, we found no difference in
the CK activity as in (29), whereas another study found a
slightly lower CK activity in GAMT KO (30).

In AGAT WT and GAMT mice, the activation of CK stimu-
lated the respiration rate to ~80% of V.. The fraction of
ADP from CK that is accessible to PEP + PK depends on two
factors: the fraction of CK within the mitochondria and the
permeability of the outer mitochondrial membrane.
Approximately half of the CK activity was found in the mito-
chondrial fraction (Fig. 4, E and F). Acknowledging a small
contamination from the cytosolic fraction, this is in agree-
ment with the fraction of mitochondrial CK estimated by gel
electrophoresis being in the range of 20-40% (9, 30, 31, 47,
48, 78, 79). PEP + PK reduced the respiration rate to ~25%
(Fig. 4, C and D). This could suggest that some ADP from mi-
tochondrial CK was accessible to PEP + PK. Mitochondrial
CK and ANT are functionally coupled with direct transfer
contributing to about half of the flux (39). However, the other
half of the flux is through ADP that is released into the inter-
membrane space by mitochondrial CK. If the outer mito-
chondrial membrane is permeable to ADP, some of it will
diffuse into the cytosol to be accessible for PEP + PK. This
suggests, in turn, that diffusion restriction by the mitochon-
drial outer membrane is less than expected from measure-
ments on rat cardiomyocytes (17).

The physiological role of CK and other phosphotransfer
systems in the heart depends on their isoform distribution,
the permeability of the outer mitochondrial membrane, and
their ADP flux capacity relative to that of the mitochondria.
Several papers on rat hearts have shown that mitochondrial
CK alone is able to stimulate respiration to maximal (20, 80,
81), and in permeabilized cardiomyocytes, PEP and PK do
not reduce the respiration rate stimulated by ATP and crea-
tine (80, 81). This is consistent with the strong coupling of
mitochondrial CK to ANT (39) and significant diffusion
restriction by the outer mitochondrial membrane due to the
very small fraction of open VDACs (17). The high ADP flux
through CK and the significant diffusion restriction at the
level of the outer mitochondrial membrane suggest a promi-
nent role of the CK system in facilitating energy transfer
between ATPases and mitochondria and regulating mito-
chondrial respiration (18, 21-25, 73, 82).

In contrast, the present results clearly demonstrate that in
the hearts from AGAT and GAMT WT mice, even cytosolic
and mitochondrial CK together cannot supply ADP to sus-
tain maximal respiration. Activation of all CK in the cells
only stimulated the respiration rate to ~80% of V.. The
reduction by PEP and PK suggests that mitochondrial CK
alone supports ~25% of V. through direct transfer to ANT
(Fig. 4, C and D). At first, we speculated whether mice and
rats differ in terms of the relative rates of CK activity and res-
piration. Indeed, although not specified in the paper, one
study shows that CK activity relative to the maximal respira-
tion rate is lower in mice than in rats (25). However, the pres-
ent data are in agreement with a study on rat cardiac fibers,
where ATP and creatine in the presence of PEP and PK
stimulated respiration to ~20% of the maximal respiration
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with ADP (83). There is a similar discrepancy between stud-
ies of mitochondrial AK. In the present experiments, AK
stimulated the respiration rate to near maximal (Fig. 3), but
our results suggest that it is mainly situated in the cytosol,
and its phosphotransfer across the outer mitochondrial
membrane is negligible. This is in agreement with one study
on rat heart, which found very little AK in mitochondria
(84), whereas another one study found that mitochondrial
AK stimulates respiration to maximal and is able to channel
approximately one third of ADP to ANT in the presence of
PEP + PK (75). We are unable to explain this variation
between studies. In the present study, the coupling effi-
ciency of respiration ranged from 90 to 92%, which corre-
sponds to an acceptor coupling ratio of 10-13. This indicates
that our preparation was sound. The discrepancy between
studies has to be investigated further, as there is no clear and
obvious cause for it. Taken together, the low capacity of mi-
tochondrial CK and the near absence of mitochondrial AK
suggests that, in the hearts of AGAT and GAMT WT mice,
the phosphotransfer systems are not developed to facilitate
energy transfer by overcoming diffusion restriction at the
level of the outer mitochondrial membrane. This may
explain the relatively mild cardiac phenotype of AGAT and
GAMT KO mice (30, 31, 35, 42).

In perspective, there is no question that the CK system is im-
portant. It is elaborate with different isoforms expressed in a
tissue-dependent manner, and it has evolved several times
(85). For wild animals, predator as well as prey, physical per-
formance is a matter of life and death. However, laboratory
mice are relatively sedentary. Indeed, wild mice sprint much
faster (2.4-3.3 m-s') than laboratory mice (0.9-1.7 m-s) (86).
The present results suggest that in the hearts of healthy indi-
viduals in a laboratory setting, the CK system is not crucial for
energy transfer between ATPases and mitochondria. However,
the severe substrate limitation of CK in AGAT KO mice leads to
changes in HK expression and mitochondrial association.
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Abstract

The creatine kinase system facilitates energy transfer between mitochondria and the major ATPases in the heart. Creatine-defi-
cient mice, which lack arginine-glycine amidinotransferase (AGAT) to synthesize creatine and homoarginine, exhibit reduced car-
diac contractility. We studied how the absence of a functional CK system influences calcium handling in isolated cardiomyocytes
from AGAT-knockouts and wild-type littermates as well as in AGAT-knockout mice receiving lifelong creatine supplementation
via the food. Using a combination of whole cell patch clamp and fluorescence microscopy, we demonstrate that the L-type cal-
cium channel (LTCC) current amplitude and voltage range of activation were significantly lower in AGAT-knockout compared
with wild-type littermates. Additionally, the inactivation of LTCC and the calcium transient decay were significantly slower.
According to our modeling results, these changes can be reproduced by reducing three parameters in knockout mice when
compared with wild-type: LTCC conductance, the exchange constant of Ca®" transfer between subspace and cytosol, and
SERCA activity. Because tissue expression of LTCC and SERCA protein were not significantly different between genotypes, this
suggests the involvement of posttranslational regulatory mechanisms or structural reorganization. The AGAT-knockout pheno-
type of calcium handling was fully reversed by dietary creatine supplementation throughout life. Our results indicate reduced cal-
cium cycling in cardiomyocytes from AGAT-knockouts and suggest that the creatine kinase system is important for the
development of calcium handling in the heart.

NEW & NOTEWORTHY Creatine-deficient mice lacking arginine-glycine amidinotransferase exhibit compromised cardiac func-
tion. Here, we show that this is at least partially due to an overall slowing of calcium dynamics. Calcium influx into the cytosol
via the L-type calcium current (LTCC) is diminished, and the rate of the sarcoendoplasmic reticulum calcium ATPase (SERCA)
pumping calcium back into the sarcoplasmic reticulum is slower. The expression of LTCC and SERCA did not change, suggesting
that the changes are regulatory.

arginine:glycine amidinotransferase knockout; calcium; creatine kinase; heart; membrane currents

INTRODUCTION dynamically favorable way and reduces oscillations during a
heartbeat (6).

CK is bound near the major ATPases involved in excita-
tion-contraction (e-c) coupling. To briefly recapitulate, the e-
¢ coupling starts with an action potential exciting the sarco-

lemma and opening L-type Ca?* channels (LTCCs), resulting

Creatine kinase (CK) is expected to play a major role in
energy transfer between mitochondria and ATPases in the
heart (1, 2). This energy transfer starts in the mitochondrial
intermembrane space, where mitochondrial CK is tightly

coupled to the adenine nucleotide translocase (3, 4), allow-
ing it to synthesize phosphocreatine (PCr) from ATP, par-
tially using the mitochondrial membrane potential as a
driving force (5). PCr diffuses within the cell and is, through
CK and ATPase coupling, used to locally regenerate ATP
next to ATPases. It buffers local ATP/ADP levels in a thermo-

* J. Branovets and K. Barsunova contributed equally to this article.
Correspondence: M. Vendelin (markov@sysbio.ioc.ee).
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in an inward Ca®?* current (Ipcc). The Iprcc triggers Ca®™ -
induced Ca?™* release (CICR) through ryanodine receptors in
the sarcoplasmic reticulum (SR). Together, these Ca?* fluxes
form the Ca?* transient, i.e., the transient increase in cyto-
solic Ca®*. Ca?* binding to tropomyosin exposes the myo-
sin-binding sites on actin, and the mechanical work of
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myosin ATPase causes the myofilaments to slide along each
other and the cell to contract. For relaxation to occur, Ca**
is removed from the cytosol mainly by the sarcoplasmic
reticulum Ca?* ATPase (SERCA), pumping it back into the
SR. In addition, Ca?* is transported out of the cell via the
Na*/Ca?* exchanger (NCX). Na*, in turn, is transported
out of the cell by the Na* /K" ATPase. The action potential
duration and, as a consequence, the Ca’" transient are
modulated, among other K* outward currents, by Kuzp
channel. Key components in the described e-c coupling sys-
tem are affected by CK; a local, energetic coupling between
ATPases and CK have been demonstrated for SERCA (7), ac-
tomyosin ATPase (8), and the Na™ /K™ ATPase (9). In addi-
tion, it has been suggested to transform the Karp channel
from an ATP sensor to a PCr sensor (10). Therefore, it is con-
ceivable that compromising the function of the CK system
may affect e-c coupling and hence, the contractile perform-
ance of the heart.

To study the role of CK in energy transfer in the heart, sev-
eral animal models with compromised CK function have
been used. In the earlier studies, CK-knockout (KO) mice
(lacking the sarcomeric mitochodnrial and cytosolic CK iso-
forms) have been associated with large changes in morpho-
logical organization of mitochondria in skeletal (11) and
heart (12) muscles when compared to the wild-type (WT)
controls. In skeletal muscle, accompanied with these mor-
phological abnormalities, CK-KO mice had slower Ca®*
uptake and release, suggesting a link between CK and cal-
cium handling (11). The most recent models are deficient in
one of the two enzymes involved in creatine synthesis: L-ar-
ginine-glycine amidinotransferase or AGAT (EC 2.1.4.1) and
guanidinoacetate N-methyltransferase or GAMT (EC 2.1.1.2).
These are global knockout models, as AGAT and GAMT are
predominantly expressed in kidney and liver, respectively,
for creatine and homoargenine supply of the organs via cir-
culation (13). Creatine-deficient mice exhibit reduced body
weight (see RESULTS for data on AGAT-KO) and skeletal mus-
cle mass (14). However, these models have shown surpris-
ingly small adaptations in the heart. With creatine synthesis
altered through GAMT-KO, the voluntary and forced exercise
was unaltered (15), there were no signs of hypertrophy, and
the systolic and diastolic function was similar at baseline
(16). Differences between GAMT-WT and -KO animals were
only observed when studying heart function during inotro-
pic stimulation with KO animals exhibiting a smaller con-
tractile reserve (16). At the same time, there were no changes
recorded in energy transfer such as respiration activity and
intracellular diffusion restriction (17). In contrast to earlier
studies on CK-KO mice (12), we observed unchanged intracel-
lular distribution of mitochondria in GAMT-KO mice cardio-
myocytes, indicating that diffusion distances encountered
by ATP and ADP are not prohibitive for cell function (17).

When creatine synthesis has been altered through AGAT,
the mice are not only deficient in creatine but avoid the
accumulation of guanidinoacetate, as is the case in the
GAMT-KO. This has an advantage, as guanidinoacetate can
participate, at lower activity, as a substitute of creatine in the
CK reaction (18). However, AGAT-KO also have low levels of
homoarginine (19), which is an indicator of cardiovascular
health (20). In AGAT-KO mice, the changes in heart function
were, in general, also rather mild, and there were no
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metabolic adaptations in the heart. However, the contractil-
ity of the heart was reduced in AGAT-KO mice (21). The pres-
ent study was conducted to assess whether changes in
calcium handling could be involved in the changes in con-
tractility. For that, we used a combination of electrophysiolog-
ical experiments and analysis with a mathematical model.
The experiments recorded I; rcc and the Ca®>* transient, and
the model allowed us to pinpoint the potential changes in cal-
cium handling that could account for our experimental obser-
vations. To focus on the changes that are caused by possible
remodeling of AGAT-KO cardiomyocytes, we ensured that the
intracellular environment was similar in all experiments,
including acute energy provision via the CK system. The
study was conducted taking into account differences between
male and female animals in terms of the e-c coupling (22, 23)
by considering male and female animals as separate groups.
Finally, we tested whether lifelong creatine supplementation
through food can rescue the changes in calcium handling in
AGAT-KO animals (AGAT-KO + Cr).

METHODS
Animals

All animal procedures were approved by the Project
Authorisation Committee for Animal Experiments in the
Estonian Ministry of Rural Affairs.

For the experiments, arginine-glycine amidinotransferase
(AGAT) gene-knockout (KO) and wild-type (WT) mice were
used. The animals were back-crossed for more than 10 gener-
ations with C57BL/6JOlaHsd (Envigo). The animals were
bred and kept at our local animal facility, with free access to
water and food (V1534-000 rat/mouse maintenance from
Ssniff Spezialdiaten GmbH; free of creatine), an ambient
temperature of 22-23°C, and a 12:12-h light-dark cycle. KO
were separated from WT to prevent creatine ingestion via
copraphagia. Because the AGAT-KO animals were skinny,
but active, they were housed in groups whenever possible,
given moistened food at the bottom of the cage, and had lon-
ger cages with a heating lamp at one end to allow for behav-
ioral thermoregulation. All animals were fed the same chow
(R/M-H complete maintenance diet for rats and mice; Ssniff,
Soest, Germany). For the creatine-supplemented KO ani-
mals, the diet contained additional creatine (R/M-H com-
plete maintenance diet for rats and mice with 5g/kg creatine
monohydrate, Ssniff, Soest, Germany) from the time of being
separated from their littermates (KO + Cr group). As shown
earlier (21), this housing and diet arrangement led to the ab-
sence of cardiac creatine in KO animals and normal creatine
levels in KO + Cr animals.

The animals used in the study for electrophysiological
measurements were 6.5-16.5mo for the WT and KO + Cr
groups and 6-7.5mo for the KO group. For animal groups
with larger age spans (WT and KO + Cr), we tested whether
any of the reported measurement values were age dependent
within the age span of the used animals (see RESULTS). For
Western blotting, we used separate animals that were 7-9 mo
(WT and KO groups).

Genotyping

AGAT mice were genotyped by polymerase chain reaction
(PCR) according to the following protocol. Genomic DNA
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was extracted from tissue samples by SDS/proteinase K
(Bioline, London, UK) digestion, followed by isopropanol
precipitation. PCR amplification of the DNA fragments was
performed using the following specific primers: 5-AGC-
CCCTCTATTTCCCTTTTCATT-3' and 5'-TTCCACTGCGTC-
ATTCTCCTGTAA-3'. PCRs were carried out in a 25-uL vol-
ume containing 1x PCR buffer (Bioline Immobuffer, Bioline,
London, UK), 0.5mM dNTP mixture (Bioline, London, UK),
1.2mM MgCl,, 0.5pmol/uL of each primer (TAG Copen-
hagen, Copenhagen, Denmark), 5% DMSO, 1M betaine,
0.06 U/uL. IMMOLASE DNA polymerase (Bioline, London,
UK), and 5 pL of template DNA. The touchdown PCR proto-
col was as follows. An initial denaturation at 95°C for 5min
was followed by 10 cycles at 94°C for 60s, 65°C (0.5°C
decrease/cycle) for 60s, and 72°C for 30s and then another
35 cycles at 95°C for 60's, 60°C for 60s, and 72°C for 30's, and
a final extension step was carried out at 72°C for 2 min. This
was done in a thermal cycler (Bio-Rad DNA Engine; Bio-Rad
Laboratories, Hercules, CA, or Eppendorf Mastercycler;
Eppendorf, Hamburg, Germany). PCR products were electro-
phoresed on a 1% agarose gel with ethidium bromide in 0.5x
Tris-borate-EDTA. Amplification of a single 522-bp product
or a 277-bp PCR product corresponded to AGAT WT or homo-
zygous AGAT-knockout (AGAT-KO) genotype, respectively.
Simultaneous amplification of a 522- and 277-bp fragments
corresponded to a heterozygous AGAT genotype. See Fig. 1,
for example.

Solutions

For the isolation of cardiomyocytes, the wash solution
consisted of (in mM) 117 NacCl, 5.7 KCl, 1.5 KH,PO,, 4.4
NaHCO3, 1.7 MgCl,, 21 HEPES, 20 taurine, 11.7 glucose, and
10 2,3-butanedione monoxime. pH was adjusted to 7.4 with
NaOH.

For the digestion solution, 0.2-0.25 mg/mL Liberase DL
and 1.36 mg/mL Dispase II were added to 20 mL of the wash
solution.

For the sedimentation solution, 2 mM pyruvate, 10 uM leu-
peptin (Merck), 2 uM soybean trypsin inhibitor, and 3 mg/mL
BSA (Roche) were added to 40 mL of the wash solution.

For electrophysiological recordings, the bath solution con-
sisted of (in mM): 150 NacCl, 5.4 CsCl, 0.33 NaH,PO,, 1 MgCl,,
1.13 CaCl,, 20 TEA-CI, 10 glucose, and 10 HEPES. pH was
adjusted to 7.4 with NaOH. To inhibit sodium channels, we
used 10 uM tetrodotoxin (TTX) citrate (TOCRIS, Abingdon,

WT HET KO
600 -
o L ~—522bp
400 -
300 -

S S < >77 bp

Figure 1. Representative gel with arginine-glycine amidinotransferase
(AGAT) genotyping results. The genotype of the mice was determined by
isolating DNA from ear notches and using PCR to amplify specific DNA
sequences using appropriate primers pairs (described in METHODS).
Amplification of a single 522-bp product or a 277-bp PCR product corre-
sponded to AGAT-wild-type (WT) or homozygous AGAT-knockout (KO)
genotype, respectively. Simultaneous amplification of a 522- and 277-bp
fragments corresponded to a heterozygous AGAT genotype.
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UK) in the bath solution. Note that cells were patch clamped
in the absence of TTX; otherwise TTX was always present.
For B-adrenergic stimulation and SR Ca®>* content estima-
tion, 50 nM isoprenaline (ISO) and 10 mM caffeine, respec-
tively, were added to the bath solution. Ca?>* concentration
was selected according to ionized Ca?* concentration in
blood (24), similar to that used previously (25), and sodium
according to Fox et al. (26).

The pipette solution contained (in mM) 150 CsCl, 1 MgCl,,
20 TEA-Cl, 5.5 Na,PCr, 5 MgATP, 0.03 Na,GTP, and 10
HEPES. pH was adjusted to 7.2 with CsOH. For Ca?* imag-
ing, an additional 25uM of Fluo-4 pentapotassium salt
(F14200; Invitrogen) was added to the pipette solution.

The protein extraction buffer for Western blotting con-
tained (in mM) 50 Tris, 150 NaCl, 2% SDS, 1 DTT, and one
tablet each of cOmplete Mini and PhosSTOP protease and
phosphatase inhibitor cocktails, respectively, per 10 mL.

All chemicals were obtained from Merck if not mentioned
otherwise.

Western Blot Analysis

Frozen hearts were homogenized in a glass homogenizer at
a concentration of 20 mg tissue/mL of extraction buffer. The
protein concentration was determined spectrophotometri-
cally. Fifty microliters of Western blotting tissue extract,
which already contained SDS, was incubated at 80°C for
30min. After heating, the transparent solution was diluted
1:10 and the protein content determined in a BioSpec-nano or
a NanoDrop 2000c spectrophotometer (Shimadzu Scientific
Instruments, Inc., and ThermoFisher Scientific). The protein
content of each sample was measured at least three times,
and the results were averaged. The absorption at 280 nm was
background corrected by subtracting the absorption at
330 nm, and protein content was calculated using the molecu-
lar weight and extinction coefficient of BSA (66 400 g-mol !
and 43 824 M ! .cm™}, respectively). The protein content was
corrected for that of the extraction buffer.

Ten micrograms of protein was loaded onto SDS-PAGE
gels (4% stacking gel, 6 or 10% separating gel), which were
run at 60V for ~35 min, followed by 120 V for 50-55 min in a
Mini-PROTEAN Tetra System using a PowerPac HC power
supply (Bio-Rad Laboratories). The separated proteins were
transferred onto a nitrocellulose membrane overnight at 4°C
and 90mA. The protein loading was assessed by staining
with a 0.1% Ponceau S solution, followed by two washes with
ultrapure water. After imaging the Ponceau staining, the
membranes were blocked with 5% BSA, incubated with pri-
mary antibody, and incubated with secondary antibody in a
Tris-buffered saline with 0.1% Tween-20 (TBST) for 1h at
room temperature. Between each step, the membranes were
washed two times for 10 min in TBST. The antibodies were
detected with the Bio-Rad Clarity Western ECL substrate.
Both Ponceau and antibody staining were imaged in an
Image Quant LAS 400 imager (GE Healthcare, Chicago, IL).

The following primary antibodies were used; anti-
CACNAIC (product no. ab58552, RRID:AB_879800, 1:200;
Abcam) and anti-SERCA2 ATPase (product no. ab3625,
RRID:AB_303961, dilution 1:2,500; Abcam) were used to
assess LTCC and SERCA expression, respectively. Anti-
GAPDH (14C10) (product no 2118, RRID:AB_561053, dilution
1:4,000; Cell Signaling Technology) was used to assess the
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expression of GAPDH, which is a commonly used house-
keeping protein. The secondary antibody was a horseradish
peroxidase (HRP)-conjugated goat anti-rabbit IgG (H + L)
(Jackson ImmunoResearch Laboratories, Inc.), which was
used at a dilution of 1:10,000 for detection of LTCC, 1:20,000
for detection of SERCA, and 1:40,000 for detection of
GAPDH.

The antibodies were tested on mouse heart, liver, and skele-
tal muscle. For anti-CACNAIC, liver was used as a negative
control and showed no signal. Anti-CACNAIC gave a strong
signal in gastrocnemius, suggesting that this antibody may
bind to other LTCC isoforms as well. Others have shown
colocalization of anti-CACNAIC staining with sarcolemma
and t-tubules in myocardium, in agreement with the expected
location of LTCC (27). The SERCA antibody showed several
bands. In the heart, the double band observed in the region of
the expected size was used in the analysis. A similar double
band was observed in the muscle study (28). When used
in immunocytochemistry, the SERCA2 antibody was used
to stain endoplasmic reticulum in neonatal rat cardiomy-
ocytes (29).

Because a single gel was insufficient to measure all sam-
ples in a group (AGAT-KO, WT, females and males sepa-
rately), one or two lanes were used for a reference sample
that was a mix of all the samples in the group and used
throughout the study. The tissue samples were distributed in
arandom order and were measured two to three times.

The staining intensity was determined using GelAnalyzer
19.1 (www.gelanalyzer.com). For the Ponceau staining
images, the background was determined and subtracted
using ImageJ. The staining intensities were entered into
the database using IOCBIO WebDB (https://gitlab.com/
iocbio/webdb).

For each gel, the intensities of Ponceau, the protein of in-
terest (SERCA or LTCC), and GAPDH (housekeeping) were
normalized first to the amount of protein in the lane and
then to the corresponding intensity per protein of the refer-
ence lane. If the reference sample was loaded into multiple
lanes, the mean intensity per protein for the reference lanes
was used for normalization. For the statistical analysis, the
signal of the protein of interest was normalized to 1) protein
content, 2) Ponceau staining, or 3) GAPDH intensity. For
each tissue sample, the average of the normalized intensity
was used for statistical analysis.

Cardiomyocyte Isolation

Cardiomyocytes were isolated using the same protocol as
described (30). The mice received two intraperitoneal injec-
tions: one with 250 U heparin to prevent blood coagulation
and one with an anesthetic mixture of ketamine-dexmedeto-
midine (150 mg/kg and 0.5 mg/kg, respectively). When the
toe-pinch reflex was absent, the animal was euthanized by
cervical dislocation. The heart was excised, cannulated via
the aorta on a Langendorff perfusion system, and perfused
with wash solution. When it was rinsed free of blood, the per-
fusion was switched to a digestion solution containing 0.2—-
0.25 mg/mL Liberase DL and 1.36 mg/mL of dispase II. The
pressure was monitored continuously for 10-20 min until
the pressure had decreased to 30-40% of the initial, and the
heart was soft. After perfusion, the ventricles were cut into
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smaller pieces and incubated further at 37°C in a beaker with
digestion solution. During this postdigestion, cells were har-
vested with a Pasteur pipette several times and filtered
through a 100-um mesh. The viable cells were separated by
sedimentation. First, extracellular Ca®>* was gradually incr-
eased to 2mM to ensure Ca’>* tolerance of the cells. After
this, extracellular Ca?>" was washed out again by washing
the cells three times with 5 mL of sedimentation solution.
The isolated cells were stored in this solution at room tem-
perature until use within 3 h.

Experimental Equipment

The experimental setup was the same as described earlier
(31). In short, a Nikon Eclipse Ti-U microscope (Nikon) was
equipped with an Andor Ixon EMCCD camera (Andor
Technologies, Belfast, UK) for measuring Fluo-4-induced flu-
orescence. Fluo-4 was excited at wavelengths of 482+18 nm
and emission collected at 536 +20 nm. The EMCCD camera
image was binned 4 x 4, gain was set to 100, and images
were acquired at 85 fps. Imaging was done through a x40
objective (CFI Super Plan Fluor ELWD 40xC NA 0.60;
Nikon). For electrophysiological measurements, we used an
Optopatch patch clamp amplifier (Cairn Research) con-
nected to a computer via NI PCIe-6353 data acquisition
board (National Instruments). Data were recorded at 10 kHz
using custom-made software. Patch pipettes, with resistance
of 1.5-2.5 MQ, were made from thin borosilicate glass capilla-
ries (TW150F-3; WPI, Sarasota, FL) using a Narishige PC-10
pipette puller (Narishige). All electrophysiological recordings
were conducted in the whole cell voltage clamp configura-
tion at room temperature (23°C, temperature controlled by
air conditioner).

Experimental Protocol

First, a batch of cells was placed under the microscope in a
RC-24N chamber (Warner Instruments, Hamden, CT) con-
taining the bath solution. Cells were allowed to attach to the
coverslip bottom for 5-10 min before perfusion of the cham-
ber was started with the bath solution at a flow rate of ~0.5
mL/min. Then, a cell in the middle of the chamber was
selected for patch clamping. After gigaseal formation and
successful rupturing of the cell’s membrane, membrane ca-
pacitance and series resistance were noted. Then, solutions
were switched from patching solution to control the experi-
ment solution containing TTX.

Each cell was subjected to several protocols in sequence to
record different datasets characterizing Ca®>* handling (Fig.
2A). The experiments started with inhibition of the fast so-
dium channels. Next, the SR was loaded with Ca®* using the
SR loading protocol, and the current-voltage relationship
was determined. After the addition of isoprenaline (ISO), the
SR was again loaded and the current-voltage relationship
was determined in the presence of ISO. After recording the
current-voltage relationships, we ran the third SR Ca?* load-
ing protocol. Some cells were then ruptured to determine
maximal Ca?"-induced Fluo-4 fluorescence, and some cells
were studied further. The cells that were studied further
were exposed to caffeine to determine SR Ca®* content.
After that, the SR loading protocol was applied a last
time, and maximal Ca®*-induced Fluo-4 fluorescence
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Figure 2. Overview of the experimental
protocol (A) and the sequence used to
measure voltage-current relationship (B).
A: protocol stages applied to a single cell.
Current-voltage (/-V) measurements con-

A
+10 UM TTX +50 nM ISO
Na* SR v SR vV SR
|nh|b|t|on loading || measurement |[loading || measurement || loading K % \ /
SR SR
content||loading
10 mM caffeine
B - -
1s Preconditioning Preconditioning
0 S O
> H '
E H '
s s
3 : |
-80 :

Voltages applied, mV

sisted of sequences as shown in B. B:
sequence of pulses used to measure cur-
rent-voltage relationship and Fluo-4 Ca®™* -
induced transients for different voltage
steps. Each pulse used for recordings,
marked by a dashed box, was preceded
by 5 stimulations with rectangular pulses
and 3 stimulations with staircase pulses,
as shown at top. The used staircase pulses
are shown at bottom left. An example re-

Measured current

was determined. Below, each part of the experiment is
described in detail.

The inhibition of fast sodium channels by TTX was fol-
lowed for 90's, with periodic depolarizations of the cell from
—80to —45mV for 250 ms at 1 Hz.

The SR Ca?* loading protocol consisted of a series of 250-ms
depolarization pulses from —80 to 0 mV, and it was applied at
1Hz for 30s or more to ensure that the SR was loaded with
Ca?*. The latter was judged by following the Fluo-4 fluores-
cence transients and waiting for their stabilization.

To determine the current-voltage relationship of L-type
Ca?* channels and record the corresponding changes in
Fluo-4 fluorescence, we used the sequence of pulses shown
in Fig. 2B. The sequence included several pulses (precondi-
tioning sequence) applied before the pulse used for measure-
ments. The preconditioning sequence consisted of five
rectangular pulses that depolarized the cell to OmV for
250 ms (as used during SR loading protocol), followed by
three staircase pulses with the same profile as the measure-
ment pulse (Fig. 2B, bottom left) and depolarization voltages
of —47.5mV and —40 mV. For the measurements, the second
stair voltage was varied from —40mV to +25mV. This
approach allowed us to avoid interference between measure-
ments at different voltages and ensured that the cells were in
the same state before the measurement pulse was applied. In
the measurements, we recorded the currents and fluores-
cence changes. Recordings of the current-voltage relation-
ship were performed once per each voltage step.

After 50nM ISO was added to the bath solution, the cell
was subject to another Ca®>* loading protocol for >60s until
Ca?™* transients reached steady state, as judged by following
the Fluo-4 fluorescence transients. Then, the current-voltage
relationship was determined in the presence of ISO.
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cording is shown on the bottom right,
depicting changes in current and fluores-
cence. ISO, isoprenaline; SR, sarcoplasmic
reticulum; TTX, tetrodotoxin citrate. See
METHODS for details.

For SR Ca®* content estimation, we kept the cell for 90s at
—80 mV. Within this period, ~10s from its start, perfusion
with bath solution containing an additional 10 mM caffeine
was started. This induced Ca®* release from SR and its subse-
quent efflux from the cell by NCX. The state of the cell was fol-
lowed by measuring the transmembrane current and Fluo-4
fluorescence. After Fluo-4 fluorescence and measured current
were stabilized (10-20s), caffeine was washed out, and the SR
Ca®™ loading protocol was applied to refill SR with Ca?*

Maximal Ca?*-induced Fluo-4 fluorescence was deter-
mined by inducing Ca®?* influx from extracellular solution
into the cell. The influx was induced by applying brief suc-
tion by the patch pipette, leading to disruption of the seal
and establishment of the pathway for Ca?* movement
between cytosol and extracellular solution. Changes in
Ca®*-induced Fluo-4 fluorescence were recorded, and the
maximum was determined for normalization purposes.

Data Analysis

Current-voltage relationship.
We fitted the current-voltage relationship data obtained
from each cell with a Boltzmann equation:

_ Gmax (V - Vl‘e'\’)

1 + exp[(Vhar — V)/4]
where Gpax is maximal conductance, Vi, reversal potential,
Vhaie is activation midpoint potential, and k is the slope factor.
Additionally, using the equation and fitted parameters, we
calculated maximal current and a corresponding potential.

(1)

Calcium transients.
Ca?* transients were found by subtracting average fluores-
cence signals from regions that contained cell and only the
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background per each captured frame, respectively. For the
Ca?™* transient decay time, we used time difference between
time moments where the transient was decreased from 75%
to 25% from its peak value. To find the time constant & that
describes Ca?* transient recovery after caffeine washout, we
fitted Ca’?* transient amplitudes using the least-squares
method with the Hill equation in following form:
Tl’

(b +Tm)
where FCa(T) is measured Ca®* transient maximum at pulse
T, A is the fitted amplitude, n is the Hill coefficient, and b is
baseline fluorescence.

FCa(T) = A- + b, 2

Mathematical Modeling

To interpret the experimental results, we performed a pa-
rameter scan on a mathematical model of action potential of
mouse ventricular myocytes by Bondarenko et al. (32) that
was slightly modified (see below). Two different parameter
scan scenarios were considered that correspond to 1) LTCC
current-voltage relationship measurement at 0 mV and 2) re-
covery after caffeine-induced Ca®>* release. For that, to imi-
tate voltage clamp protocols, the solution for membrane
potential was replaced with voltage pulse used in the experi-
ments. In the first scenario, the same square pulse was
applied as for preconditioning and SR loading at 1 Hz for 60's
to let the model to reach a steady-state solution in our condi-
tions. After that, a staircase pulse was applied from -80 to
-47.5 (for 150 ms) to 0 mV (for 250 ms) (Fig. 2B, bottom left).
In the second scenario, again, the preconditioning pulse at
1Hz for 60s was used first, followed by 100s of simulated
caffeine Ca’* -release (see below). Then, the model solution
was calculated for 0.1ms at -80 mV, after which 17 SR load-
ing pulses were applied at 1 Hz.

Modified constants.

To match intracellular and extracellular concentrations, the
following constants were modified (in mM): [Na™]; = 11.0,
[Na*], =150.0, [Ca% "], = 1.13. Also, Ca?* half-saturation con-
stant for calmodulin was set to 2.38 uM (33-36).

Fluo-4 Ca”® ™ buffering.
Intracellular Ca?* flux to Fluo-4 (Jrca) Was is described with
the following equation:

Jrca = kon(Fror — FCa) Ca; — korFCa, (3)

where Ca; is intracellular Ca®>* concentration, FCa is Ca®*
bound Fluo-4, Fror is total concentration of Fluo-4 that was
taken equal to 25 uM as in the patch pipette, and ko, and kg
are Fluo-4 reaction rate constants (ko = 0.1uM " ms ™, kog =
0.11ms !, asin (Ref. 37). FCa was calculated as

dFCa
—— = 4
dr FCa, ( )
The term Jgc, was included in equation A2 in Ref. 32 as
d[ca®*
[ dt ] =B {Jleak + foer *Jup *jtrpn *JFCa
- (ICab - 21NaCa + [p(Ca)) Acap Cm /(2meoF)}- (5)

H810

Caffeine Release

To simulate Ca>* release from SR by caffeine, the mem-
brane potential was kept at -80 mV, and the original equa-
tion (A9 in Ref. 32) was

J =v1(Por + Poz)(Caysg — Cass)Pryr, (6)

which describes the Ca>™ release from SR by RyRs that was
replaced by

Jrel = vi(Caysg — Cass), (7)

where v; is maximum RyR channel Ca?>* permeability, and
Caysg and Cag are junctional SR and subspace Ca®>* concen-
tration, respectively.

Parameter Scan

The model solutions were calculated by varying the fol-
lowing constant values: 1) SR Ca®* -ATPase maximum pump
rate (v; in equation no. A13 in Ref. 32), 2) maximum conduct-
ance for L-type Ca’>* channel (Gcar. in equation no. A22 in
Ref. 32), and 3) exchange constant of Ca®>* transfer between
subspace and cytosol (1/txser, Where Ty, iS time constant for
Ca?™* transfer from subspace to cytosol in equation no. A1l in
Ref. 32). Each scanned parameter was scaled in the range of
[0.25, 1.0] with the step of 0.0375, i.e., 21 values for each pa-
rameter, totaling 9,261 cases.

Numerical Methods

All the numerical calculations where done in Python. The
initial model source code was downloaded from the CellML
website (www.cellml.org). The model calculations at differ-
ent parameter values were executed in parallel using a com-
mand-line tool, the GNU Parallel (38), and the model
equations were solved using a Real-Valued Variable-coeffi-
cient Ordinary Differential Equation solver from SciPy sub
module scipy.integrate.

For least-square fitting, we used the SciPy function scipy.
optimize.least_squares.

Statistics

If not stated otherwise, statistics is reported using
means = SE.

Statistical tests were performed using JASP, using
Bayesian ANOVA or Bayesian repeated-measures ANOVA
tests. In the tests, ISO effect was included into the null
model. These tests evaluated hierarchy of models of differ-
ent complexity, with the most complex one consisting of
interactions between all studied factors, lower-order of
interactions, and the studied factors separately. The
model with the largest odds against null model [largest
Bayes factor (BF)] is shown in the statistics results (ND if
the null model had the odds larger than assumed signifi-
cant for alternative hypothesis; see below) together with
the model-averaged inclusion Bayes factor, using matched
models approach for the interactions (39).

For Bayes factor (BF) interpretation, common evidence
categories were used (40). For analysis with JASP, SQL and
Python scripts were written to fetch the data from the data-
base into a file in the format suitable for JASP input.
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RESULTS

To analyze cardiomyocyte Ca%* handling, we looked into
the characteristics of I; rcc and Ca®* uptake by the SR using
several approaches. The experiments were performed on car-
diomyocytes isolated from three groups of mice: AGAT-WT,
AGAT-KO, and creatine-supplemented AGAT KO + Cr.

Animals

The characteristics of the animals used for electrophysio-
logical recordings are given in Table 1. AGAT-KO mice had
significantly lower body weight and tibial length than
AGAT-WT and AGAT-KO + Cr (BF>100, extreme evi-
dence). Creatine supplementation throughout life led to a
normal body weight and tibial length; i.e., there was no dif-
ference between WT and KO + Cr. In AGAT-WT and AGAT-
KO + Cr, males had a higher body weight than females
(BF>100, extreme evidence), whereas in AGAT-KO the
body weight was not statistically significantly different
between males and females.

LTCC Current Characteristics Are Altered in AGAT-KO

The current-voltage relationship of Iy rcc was measured in
the absence and presence of isoprenaline (ISO; Fig. 2B).
Representative traces of the recorded current and fluores-
cence from AGAT-KO and WT mice are shown in Fig. 3, A
and B, and clearly demonstrate the difference in I;rcc cur-
rent and calcium-induced fluorescence.

The maximal current at different test pulses was deter-
mined for all combinations of phenotype and sex (Fig. 3C).
For statistical analysis of I;tcc maxima, we fitted the cur-
rent-voltage relationship with the Boltzmann equation (see
METHODS) and analyzed the differences in the fitted equation
parameters (Fig. 4). Statistical analysis was performed using
a hierarchy of statistical models as defined in Bayesian
ANOVA (see METHODS). According to our data, AGAT-KO
mice exhibited a smaller I; rcc maximal current (Fig. 4B) as
well as voltage range of activation (Fig. 4, C, D, E, and F). All
of these changes were reversed by feeding with creatine, as
we found no difference between KO + Crand WT in Fig. 4.

I 1cc Inactivation is Slower in AGAT-KO in the Absence
of Isoprenaline

Individual I;rcc traces recorded at —5mV were analyzed
further to determine the inactivation dynamics of Iyrcc. We
determined the time constants at which the current was
reduced to 25, 50, and 75% of the maximal current (Ts, Tso,
and T, respectively, as defined in Fig. 5A). From the statisti-
cal analysis of the time constants from AGAT-KO, WT, and
KO + Cr, we observed very strong to extreme interactions
between phenotype (creatine deficient or not), ISO, and time

constant. The interaction between phenotype and ISO was
due to the time constants being different in the absence, but
not in the presence of ISO. The interaction with time con-
stant was due to differences being observed only for T,5s and
Tso, but not T,s. As shown in Fig. 5, Tso and T7s were, under
control conditions, significantly higher for KO animals com-
pared with WT and KO + Cr. This was confirmed by further
analysis of the time constants in the absence of I1SO, where
extreme statistical difference was found between KO and WT
as well as KO and KO + Cr, attributed to either phenotype
(KO and WT comparison) or phenotype and time constant
interaction (both comparisons). In contrast, in the presence
of IS0, no statistically significant differences were observed.
The slower I rcc inactivation in AGAT-KO was fully reversed
by creatine supplementation, as shown in the statistical tests
comparing WT and KO + Cr.

SR Ca? " Uptake is Slower in AGAT-KO

Simultaneously with the currents, we recorded changes in
Ca?*-induced Fluo-4 fluorescence in the cells. In mamma-
lian cardiomyocytes, in contrast to some other animals (31),
it is expected that most of the Ca?* cycling is through SR.
Thus, the decay of the Ca?* transient would be strongly
influenced by SERCA, one of the main ATPases in the cells.
To characterize the Ca®* transient decay, we measured the
time interval, t, between the moments at which fluorescence
was 75% and 25% of its maximum (as defined in Fig. 6A). For
a better statistical power, we averaged t determined from the
traces recorded at —5mV, 0mV, and +5mV. This was done
since no significant influence of voltage on the fluorescence
decay time was found at this range (results not shown). As
shown in Fig. 6B, t is significantly higher, i.e., it takes a lon-
ger time to reduce Ca?*-induced fluorescence, in cardiomy-
ocytes from AGAT-KO compared with WT or KO + Cr. In
addition, the effect of ISO was considerably larger in AGAT-
KO cardiomyocytes, as indicated by the significant interac-
tion in the statistical model Fig. 6B. No difference was found
between WT and KO + Cr.

The peak amplitudes of the Ca?* transients (relative to
the maximal fluorescence recorded at the end of the experi-
ments) was close in all groups. The only statistically signifi-
cant difference in maximal fluorescence between KO and
WT animals was induced by a larger increase of the maximal
fluorescence by ISO treatment in KO when compared to WT.
This is indicated by the significance of the interaction factor
in Fig. 6C.

SR Ca?' Content

We looked into SR Ca®* content by exposing the cardio-
myocytes to caffeine and recording NCX current through
the membrane. From the recorded current (Fig. 7A), we

Table 1. Body weight and tibial length of animals in different groups

AGAT-KO AGAT-WT AGAT-KO + Cr
Male Female Male Female Male Female
No. of animals 6 7 12 8 5 8
Weight, g 18.0+1.6 17.6+13 343+15 26.6+19 316+£3.6 26.9+26
Tibial length, cm 212+0.03 2.09+£0.05 2.28+0.04 2.23+£0.07 2.24+0.02 2.19+0.04

Values are means = SD. AGAT, arginine-glycine amidinotransferase; KO, knockout; WT, wild type; Cr, creatine.
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calculated the transferred charge and compared it between
the groups (Fig. 7B). Although there were no significant dif-
ferences in SR Ca’>* content statistically, on average, SR
Ca?* content in KO group was smaller compared with WT
and KO + Cr, as indicated in Fig. 7.

Loading of Ca®* to Empty SR

After the exposure to caffeine was stopped, the SR was
reloaded with Ca?>* by repeated stimulation, as described in
METHODS. Under these conditions, at the beginning of the
loading protocol, it is expected that a large fraction of Ca?*
entering the cell through LTCCs will be stored in the SR until
Ca’>* content in SR is recovered. With the recovery of the
Ca®* content in SR, I;roc Will be increasingly inhibited by
CICR. Consistent with this, I; rcc of the first pulse was the larg-
est, and the following currents gradually became smaller (Fig.
8A). Simultaneously, Ca?*-induced fluorescence showed a
significant increase and stabilized over several pulses (Fig.
8B). The time constant of SR Ca®>* loading was found by fit-
ting the fluorescence peaks by the Hill function and finding
the time moment corresponding to the half-saturation (Fig.
8B). Although the charge transfer recorded during the first
pulse in this protocol was significantly smaller for cardiomyo-
cytes from KO than from WT mice (Fig. 8C), no difference was
found for the time constant describing recovery of Ca?*
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induced fluorescence during Ca®* loading (Fig. 8D). Thus, the
time course of SR Ca?>* loading was similar in KO, WT, and
KO + Cr.

Impact of Aging on WT and KO + Cr Groups

We have used animals with a large age span for the WT
and KO + Cr groups. Within these groups, we could divide
the animals into younger (6.5-10 mo) and older (14-16.5 mo)
subgroups, with the younger subgroup having a similar age
as the AGAT-KO used in the study. The distribution of sexes
within these subgroups was insufficient to test interaction
between age and sex. So, the tests were performed consider-
ing either animals of both sexes as one group or younger and
older animals within the same sex. All of the experimental
data presented above were analyzed as shown in Fig. 9.

We found that the ISO response of the LTCC current inac-
tivation was blunted in older mice (Fig. 10). This impact was
found in both groups (WT and KO + Cr) either with the
sexes pooled together or among males (WT) or females
(KO + Cr). Taking into account that we used younger ani-
mals in the AGAT-KO group, we tested whether our conclu-
sions from the data in Fig. 5 would hold, when only data
from younger animal groups (WT and KO + Cr) were used
for comparison. When comparing KO and WT, the same fac-
tors were found to be significant, with the evidence ranging
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Figure 4. Statistical analysis of the current-voltage relationships. The current-voltage relationships were described through the set of parameters indi-
cated on the scheme (A). A, bottom: statistical models considered differences in phenotype (P), sex (S), and the presence of isoprenaline (l) with the sig-
nificance levels, as indicated in the notations. B—F: for each parameter, the comparison was performed with the best statistical model, its significance,
and significant model parameters shown below each subplot. Parameters are shown using means + SE. Notice how most of the analyzed parameters
changed in the creatine-deficient animals (KO) with the change reversed by creatine feeding (KO + Cr). Whereas the best models sometimes included
multiple factors and their interactions, the only significant factor found in the case of the differences was the phenotype. No. of animals and cells used in
the experiments were as follows (reported in animals/cells notation): KO male (6/15), KO female (7/14), WT male (12/23), WT female (8/21), KO + Cr male
(5/11), KO + Crfemale (8/17). Statistical analysis was performed using Bayesian repeated-measures ANOVA.

from very strong to extreme. When comparing KO and KO +
Cr, the significant difference was imposed between the
groups through interaction between phenotype and time
constant (extreme evidence), but, and in contrast to Fig. 5,
there was no significance attributed to the interaction
between phenotype and isoprenaline treatment. When com-
paring younger animal data only, creatine feeding abolished
all of the differences between KO and WT, with no statisti-
cally significant difference found when comparing data from
KO + Cr and WT groups. Thus, the overall conclusion

AJP-Heart Circ Physiol - doi:10.1152/ajpheart.00300.2020 - www.ajpheart.org

remained the same; creatine deficiency had a significant
effect on LTCC inactivation, and creatine supplementation
of KO animals is able to restore their phenotype.

Among all other possible combinations tested, only the re-
versal potential of the LTCC current-voltage relationship was
found to be impacted by age. Namely, among male WT mice,
the statistical model A + AxI had a Bayes factor of 12
(strong evidence). However, none of the other groups (WT,
both sexes pooled, KO + Cr groups) had any indication of
such an impact, with the second largest BF being 1.3 for the
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Figure 5. Statistical analysis of L-type calcium channel (LTCC) current inactivation. Here, the currents recorded at the measurement pulse with -5 mV
step were analyzed. A: decay of LTCC current was described using 3 time constants corresponding to the duration required for the current to be
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separately. To accurately show the data, different scales were used. Here, the same notation is used as in the plots on Fig. 4. No. of animals and cells
used in the experiments was as in Fig. 4, with exception of KO female, where 1 cell less was used. Statistical analysis was performed using Bayesian

repeated-measures ANOVA.

reversal potential. Taking into account that none of the fac-
tors of that model (A or A x I) were found to be significant
separately, we did not consider that difference further.

Within the performed analysis, the number of experi-
ments performed on the older group was rather limited
when considering SR Ca>* content and loading of Ca®>* into
SR. Because the number of measurements were low in some
groups, the statistical analysis should be considered as non-
conclusive in this case and is only shown here for complete-
ness within the context of this study.

Summary of Patch Clamping Results

Overall, the experimental data showed that creatine defi-
ciency in AGAT-KO mice is associated with a reduction in
11 rce its voltage range of activation, and its rate of inactiva-
tion (Fig. 4). Furthermore, the decay of the Ca®* transient
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was slower (Fig. 6). In all our measurements, there was no
statistically significant difference between males and females,
and creatine supplementation in the food reversed the
phenotype.

Use of Mathematical Model to Analyze the Experimental
Data

For further interpretation of our measurements, we car-
ried out a set of simulations using a mathematical model of
the action potential of mouse cardiomyocytes. The modeling
part was based on the model of Bondarenko et al. (32), with
an extension to include Fluo-4, adjustment of ion concentra-
tions according to the used solutions, and other modifica-
tions, as described in METHODS.

We looked into how the model reproduces our measure-
ments while pacing the cells with a periodic, rectangular
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Figure 6. Analysis of Ca®*

-sensitive fluorescence transients (Ca®* transients) recorded while stimulating the cell with the measurement pulse to O mV.

Here, Ca* transient decay and amplitude are compared. A: the transient decay and amplitude are shown schematically. B: Ca®* decay was signifi-
cantly different for creatine-deficient (KO) animals when compared with controls [wild type (WT)] and creatine-fed (KO + Cr) animals. This difference
was attributed mainly to the difference in phenotype and phenotype interaction with isoprenaline (ISO) presence. C: for Ca®™ transient maximum, the
difference between KO and WT was found and attributed to the interaction between phenotype and isoprenaline presence. Notice, that in contrast to
the decay, the maximum was not significantly different between KO and KO + Cr groups. In all parameters, feeding arginine-glycine amidinotransferase
(AGAT)-KO with creatine restored the phenotype. The same notation is used as in Fig. 4. No. of animals and cells used in the experiments was as in Fig.
4. Statistical analysis was performed using Bayesian repeated-measures ANOVA.

pulse train. When compared with the measurements, calcu-
lated changes in Ca?*-induced fluorescence have a some-
what sharper peak (Fig. 11A) than that recorded in the
experiment (Fig. 3B). At the peak, only I; tcc contributed sig-
nificantly to the total current, suggesting that the measure-
ments in Fig. 3C correspond to the peak I rcc. After reaching
the peak current, the total Ca®>* current calculated by the
model had a significant contribution of plasma membrane
Ca?* ATPase (PMCA), which induced a small bump. This
bump was not observed in our recordings. As to the calcu-
lated fluorescence traces, the model solution did not stabi-
lize at the end of each pulse (Fig. 11B). In contrast, in the
experiment, fluorescence was stable at the end of each pulse
(Fig. 8B). We took these limitations into account by analyz-
ing the model solutions and looking into the overall behavior
of the system without requiring a perfect fit to the experi-
mental data.

Validation of the Model: Reproducing Changes in Ca®*
Fluxes During Ca®" Loading into Depleted SR

To verify that the model was able to reproduce our data,
we calculated the response of a cardiomyocyte to pacing
with rectangular pulses after depletion of its SR from Ca®*
This is similar to our measurements during Ca®* loading af-
ter caffeine-induced SR Ca®™" release. Our simulations show
the same stepwise increase in Fluo-4 fluorescence amplitude
and changes in the shape of the total current (Fig. 11B), as
observed in our experiments (Fig. 84 and B). The total cur-
rent, in this case, is predominantly due to LTCC.

The dynamics of intracellular Ca®>* fluxes during a pulse
predicted by the model was rather complex and involved
binding and unbinding of Ca?* from buffers, troponin C,

AJP-Heart Circ Physiol - doi:10.1152/ajpheart.00300.2020 - www.ajpheart.org

and Fluo-4. To study what can be learned from the experi-
ments involving the loading of Ca?™ after SR Ca>* depletion,
we integrated the intracellular Ca®* fluxes and examined
their distribution (Fig. 11C). In this plot, all sarcolemmal
fluxes and intracellular processes are shown in blue and red
tones, respectively. Notice that during the first beats, most of
the Ca?*, which enters the cell through the sarcolemma, is
not extruded out of the cell. This is clear from comparing the
influx of Ca®>* through LTCC, NCX, and background Ca®*
current (Igc,) with the efflux through PMCA and NCX. This is
in contrast to the steady-state behavior, where all transmem-
brane fluxes are in balance and most of the fluxes are
through the SR (pulse 100 in Fig. 11C).

When looking into the first pulse dynamics, we identified
the main net contributors to Ca®>" fluxes as LTCCs and
SERCA (Fig. 11D). On the net influx side, LTCCs provide most
of the Ca®™, with Iyc, 5x and net contribution by intracellu-
lar buffers 7x smaller than of I;rcc. On the efflux side,
SERCA is able to pump back most of the Ca?>* from the cyto-
sol to the SR. The only other net efflux contributor, PMCA,
was (11x) smaller (Fig. 11D).

Reduced LTCC Conductance, SERCA Activity, and ca®
Transfer Between Subspace and Cytosol in AGAT-KO

We used our model to determine the extent of the changes
in I 7co, SERCA, and Ca?™* transfer between the subsarco-
lemmal space [subspace (41)] and cytosol. A change in the
rate of Ca® ™" transfer from the subspace to the cytosol could
be due to a smaller and/or slower CICR, which we were
unable to resolve with our fluorescence measurements (Fig.
6C). We looked for changes in the corresponding rate con-
stants of the model that would allow us to reproduce the
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Figure 7. Estimation of sarcoplasmic reticulum (SR) Ca®* content in the

presence of isoprenaline. A: example measurement traces are shown,
with the current (in black) and corresponding Fluo-4 fluorescence (green)
after application of caffeine started at 10s. B: SR Ca® " content was esti-
mated by integration of the current. Although there is a trend of having
smaller SR Ca®™" content in knockout (KO) than in the other groups, there
are no statistically significant differences between the groups. The same
notation is used as in Fig. 4. No. of animals and cells used in the experi-
ments were as follows (reported in animals/cell notation): KO male (2/6),
KO female (3/6), wild-type (WT) male (5/8), WT female (3/6), KO + creatine
(Cr) male (5/10), KO + Cr female (3/8). Statistical analysis was performed
using Bayesian ANOVA.

experimentally determined changes induced by creatine
deficiency. For that, we looked for model parameters that
would satisfy the determined changes in relatively large
ranges. Specifically, we looked for the model solutions that
would have 1) a reduction in calculated maximal I cc of
15+10% (Fig. 4D), 2) a reduction in LTCC charge influx by
20%10% during Ca>* loading (Fig. 8C), and 3) a slowing of
the Ca?* transient fluorescence decay by 22.5+10% (Fig. 6A)
while 4) keeping the Ca?* transient maximum unchanged or
with a reduction smaller than 20% or 30% (Fig. 6B).

The simulations were performed for a large number of pa-
rameter combinations. Here, LTCC maximum conductance
(LTCC conductance), the exchange constant of Ca®>* transfer
between subspace and cytosol (Ca®* transfer), and activity
of SERCA were reduced up to 25% of their original value,
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with all combinations of reductions tested in simulations. As
shown in Fig. 124, there is a set of model parameters that can
reproduce the data. Most of the model solutions suggested a
reduction of Fluo-4 Ca?*-induced fluorescence maximum,
when reducing any of the studied fluxes. Although we have
not observed any significant reduction, only a slight tend-
ency, in Fluo-4 fluorescence (Fig. 6C), we allowed some
changes in fluorescence peak in the model solution while
considering it to satisfy the conditions. As shown in Fig. 124,
the number of successful simulations strongly depends on
the allowed reduction of Fluo-4 transient (compare blue and
orange histograms). However, qualitatively, the interpreta-
tion of the measured data is the same. In addition to the
reduction of SERCA activity in AGAT-KO cardiomyocytes,
the data point toward a simultaneous reduction of LTCC
conductance and Ca®* transfer between subspace and
cytosol.

The reduction of LTCC conductance and Ca®* transfer
found by the simulations are not independent of each other.
As it is demonstrated in Fig. 12B, at least one of the flux rates
has to be reduced with the sum of the reductions staying rel-
atively constant (all solutions align along a line on the left
subplot of Fig. 12B). The reduction in SERCA activity is
related to the sum of the reductions on the Ca®>* influx path-
way and not to the separate fluxes involved in the influx
(Fig. 12B). Thus, when considering Ca?>* dynamics in cyto-
sol, AGAT-KO cardiomyocytes exhibit reduced Ca?* influx
and efflux rates (Fig. 12C).

Reduction of Ca?* Transfer between Subspace and
Cytosol and Reduction in LTCC Conductance
Reproduce Different Aspects of /, rcc Changes in
AGAT-KO

To test whether we can distinguish between the effects of
reducing LTCC conductance and Ca?* transfer between sub-
space and cytosol, we analyzed the changes in current-volt-
age relationships and I rcc inactivation characteristics and
compared them with our experimental data (Figs. 4 and 5).
As pointed out above, the model does not fit our data per-
fectly, so we were looking for trends and not absolute values
to avoid overinterpretation of the modeling results.

Because of the dynamic nature of Ca’>* concentration
changes in subspace, LTCC Ca“-dependent inactivation,
and CICR, changes in LTCC conductance and in Cca’?* trans-
fer have different impacts on the macroscopic properties of
the current amplitude (experimental data in Fig. 4).
According to our simulations, reduction of both Ca®* trans-
fer and LTCC conductance reduced the I rcc amplitude, but
Ca?* transfer reduced the current amplitude significantly
less than LTCC conductance (Fig. 13, A and B). However,
their reduction had different effects on the parameters that
define the shape of the LTCC current-voltage relationship:
the potential corresponding to the maximal current (Fig.
13C), activation midpoint potential (Fig. 13D), and the slope
(Fig. 13F). As shown in (Fig. 4), AGAT-KO exhibited a reduc-
tion in I; rcc amplitude, an increase in the potential at maxi-
mal current, activation midpoint potential, and the slope
factor, whereas the reversal potential had a tendency to
reduce. All of these changes were in agreement with a reduc-
tion in Ca?* transfer and opposite to the trends observed
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Figure 8. Sarcoplasmic reticulum (SR) recovery after Ca® * depletion by caffeine. Current (4) and Fluo-4 fluorescence (B) were measured during recov-

ery, with the pulses shown in different color, as in B. We analyzed the charge carried during the first pulse (C) and the time constant h for ca’t

recovery

(D). Although the charge (C) found for creatine-deficient animals was significantly smaller than for control animals, there were no statistically significant
differences found for the time constant (D). Here, the same notation is used as in Fig. 4. No. of animals and cells used in the experiments were as follows
(reported in animals/cells notation): knockout (KO) male (2/6), KO female (3/6), wild-type (WT) male (5/8), WT female (3/6), KO + creatine (Cr) male (5/10),
KO + Crfemale (3/8). Statistical analysis was performed using Bayesian ANOVA.

when reducing LTCC conductance in the model (Fig. 13, C,
D, and F).

Neither reduction in Ca?* transfer nor in LTCC conduct-
ance was able to reproduce the reduction in the reversal
potential (compare Fig. 4F and Fig. 13E). Out of the two
mechanisms considered, reduction of Ca?* transfer was
closer to the experimental data, leading to no changes in the
beginning of the studied range, as opposed to the immediate
increase in potential induced by reduction in LTCC conduct-
ance (Fig. 13E).

The influence of LTCC conductance and the Ca% " trans-
fer was analyzed further by analyzing the time constant of
the LTCC current inactivation, Tso. According to our simu-
lations, a reduction of the Ca?™ transfer is associated with
an unchanged or faster decay of I1 rcc (Fig. 13G), whereas a
reduction of LTCC conductance increased Tso. In this
case, the latter is consistent with our experimental results,
where I tcc inactivation is slower in the absence of ISO
(Fig. 5).

AJP-Heart Circ Physiol - doi:10.1152/ajpheart.00300.2020 - www.ajpheart.org

In summary, a reduction of the exchange constant of Ca>*
transfer between subspace and cytosol was able to reproduce
most of the trends in changes of the LTCC current-voltage
characteristics in AGAT-KO mice. However, the analysis of
LTCC inactivation time constants points toward a reduction
of LTCC conductance.

Expression of LTCC and SERCA

We assessed the expression of LTCC and SERCA in AGAT-
KO and WT mice by Western blotting (Fig. 14). According to
our data, the expression of LTCC, SERCA, and GAPDH in
AGAT-KO mice was not statistically different from the
expression in WT. There was also no statistically significant
difference in expression of these proteins between males
and females nor interaction between sex and phenotype. No
difference was found regardless of whether we normalized to
1) the amount of protein in each lane, 2) the protein level
detected by Ponceau staining of the membrane, or 3) for
SERCA, normalization to the GAPDH signal.

H817

Downloaded from journals.physiology.org/journal/ajpheart by Rikke Birkedal (086.110.032.113) on March 18, 2021.



{)) ALTERED CALCIUM HANDLING IN AGAT KO

Animals Sex ny no Analyzed Parameter Fig Significant
Factors Null Factors  Significance

LTCC current-voltage

Maximal current 4B
WT both 34 10 Potential at max 4C
WT male 16 7 Al | current _
KO+Cr both 16 12 ’ Act. midpoint potential 4D
KO+Cr female 5 12 Reversal potential 4E

Slope factor 4F
LTCC current inactivation
WT both 34 10 Ax| *
WT male 16 7 ) Ax| *
KO+Cr  both 16 12 A LT H+T+HIXT Time constants 5 Ax| .
KO+Cr female 5 12 Ax| o
Calcium transient
WT both 34 10
WT male 16 7 Al | {Decay time 6B } B
KO+Cr  both 16 12 ’ Transient maximum 6C
KO+Cr female 5 12

Sarcoplasmic reticulum:

KO+Cr  both 15 3 } A _
KO+Cr female 5 3
KO+Cr  both 14 2 } A _
KO+Cr female 5 2

calcium content and recovery after calcium depletion

Calcium content 7 -
{ First pulse charge 8C }
Recovery time constant 8D

Figure 9. Contribution of age difference on measured parameters analyzed statistically with the significance levels indicated on the right. The contribu-
tion of aging (factor A) was tested only for the groups with a significant number of measurements in younger (ny) and older (no) individuals, as discussed
in the text. The factor notations were the same as in the figures referred to (see column figure for figure number). For cases with multiple analyzed fac-
tors, we considered a hierarchy of statistical models starting from the null model and adding factors separately until the model included all factors and
their interactions. Note that the effect of isoprenaline (ISO) on the L-type calcium channel (LTCC) current inactivation was influenced by age in all groups.
See the text for discussion regarding 1 case determined as significant by analysis in LTCC current-voltage relationship.

DISCUSSION

To our knowledge, this is the first electrophysiological
study of cardiomyocytes from AGAT-KO mice, their WT lit-
termates, and AGAT KO + Cr mice receiving creatine-sup-
plemented food. We found that AGAT-KO mice had a
smaller I;tcc peak and voltage range of activation and a
slower I rcc inactivation rate. Furthermore, the rate of Ca?*
transient decay was slower, suggesting a reduction in SERCA
activity. According to our modeling results, these changes
can be reproduced by reducing three parameters: LTCC con-
ductance, the exchange constant of Ca?* transfer between
subspace and cytosol, and SERCA activity (Fig. 12C). These
differences were recorded in the presence of PCr (in the
patch pipette) and were thus due to differences in structure,
expression, and/or regulation of the proteins involved in e-c
coupling rather than acute absence of energy transfer path-
ways. According to our measurements, LTCC and SERCA
protein expression was not different in KO and WT, suggest-
ing that regulatory mechanisms likely account for the
observed changes, and these changes were prevented by life-
long creatine supplementation via the food.

H818

Dissecting Chronic Adaptations from Acute Energy
Provision

In vivo, it is expected that cardiomyocytes from AGAT-KO
have altered calcium handling due to the absence of CK cata-
lyzed energy transfer. However, in this work, we show that
they exhibit a long-term reorganization of calcium handling
in the cell. To exclude effects caused by differences in energy
transfer and focus on the long-term reorganization, we did
our measurements with the same pipette solution for all
groups. Because solution components diffuse from the patch
pipette into the cell, the intracellular environment is
expected to be similar in the all cells studied regardless of
phenotype. Because the CK activity and isoform distribution
are not different in wild-type and AGAT-KO hearts (21), the
experimental inclusion of PCr reconstitutes the CK system
such that differences between AGAT-KO and WT in the pres-
ent study are unlikely due to differences in CK energy
transfer.

In our experiments, we set the PCr concentration of the
pipette solution roughly in between the values expected in
AGAT-WT and KO cardiomyocytes (PCr values from Ref. 21).
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This was to reduce the differences between recorded and in
vivo conditions experienced by the cells. Thus, we expect
that the recorded differences in calcium handling are
smaller in our measurements than those experienced by the
phenotypes in vivo. However, these experimental conditions
allowed us to pinpoint the long-term adaptation to creatine
deficiency in the heart in terms of the changes in calcium-
handling system.

On the other side, an adaptation that we cannot rule out
in our design is a physical disassociation between CK and SR
leading to the reduction of functional coupling between CK
and SERCA in AGAT-KO. It is possible that, in part, reduc-
tion in SERCA activity can be explained by changes in CK-
SERCA coupling while keeping the same CK isoform distri-
bution as reported (21).

AGAT-KO Cardiomyocytes Exhibit a Slowing of Ca® "
Fluxes

The Ca®™ increase in cytosol was impaired by multiple
changes in Iy rcc (Figs. 3C and 4) in AGAT-KO. In addition
to the reduction of maximal I rcc, there were changes in
activation midpoint potential, reversal potential, and the
slope factor (Fig. 4). All these changes were toward a reduc-
tion of transsarcolemmal Ca®* influx: reduction of maximal
rate and its activation in a smaller range of membrane poten-
tials (Fig. 12C, left).

In addition to the reduction in I rcc, our modeling results
demonstrated that the exchange constant of Ca?* transfer
between the dyadic subspace and cytosol was reduced (Fig.
13, B-F), leading to the reduction of the exchange (Jxfer; Fig.
12C, left). To explain the changes in Ca?* transfer from the
subspace to the cytosol, it is important to take into account
that the intracellular environment consists of multiple com-
partments, where local ion and metabolite concentrations
are different from those in the bulk cytosol. Roughly 80% of
the LTCC channels are located in the transverse tubules [t-
tubules (42)], where they are organized in dyadic clefts with
ryanodine receptors by junctophilin-2 and amphiphysin-2
(BIN-1) (43). Within the dyadic cleft, the sarcolemma with
LTCCs and the SR membrane with ryanodine receptors are

AJP-Heart Circ Physiol - doi:10.1152/ajpheart.00300.2020 - www.ajpheart.org
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so close that a subspace is formed (Fig. 12C, left), where the
Ca?* influx through LTCCs results in a brief pulse of Ca?*
which reaches much higher concentrations than Ca** in the
bulk cytosol (32). The I;rcc alone contributes only little to
the Ca?* transient in mouse cardiomyocytes (Ref. 44 and
Fig. 11), but it triggers a rapid Ca*" release from the SR,
which is steeply graded with the size of the stimulus (45).
Ca?* from both I;rcc and CICR diffuses from the subspace
to the cytosol, where it initiates contraction. If the rate of
Ca?* transfer out of the subspace is reduced, it could indi-
cate that either Ca?>* efflux from the subspace is more re-
stricted, or the gradient of Ca?>* between subspace and the
cytosol is smaller. The gradient, in turn, could be smaller
due to Ca?* being released from the SR in smaller amounts
and/or at a slower rate.

A Smaller CICR in AGAT-KO is in Line with the Fact That
a Smaller I rcc Would Trigger a Smaller CICR

Furthermore, SR Ca®™ release affects the Ca®* -dependent
inactivation of I; z¢ in the t-tubules, where LTCCs and ryan-
odine receptors are closely positioned (42). Thus, a smaller
CICR could explain why the inactivation of I rcc is slower in
AGAT-KO (Fig. 5). It is also possible that AGAT-KO exhibit a
slower SR Ca’* release. A slower, dysynchronous Ca’?*
release is exhibited by “orphaned” ryanodine receptors,
which are not close to LTCCs in the dyadic cleft. These are
observed in cardiomyocytes from developing and failing
hearts (46-48). Whether AGAT-KO cardiomyocytes exhibit
ultrastructural changes affecting ion channel communica-
tion should be studied further.

From our analysis of the Ca?* transients associated with
contraction, we observed a significant increase in the tran-
sient decay time in AGAT-KO mice (Fig. 6B). Our model
demonstrated the best fit of the data, when SERCA activity
was reduced by ~20% (Fig. 12, A and C, right). The Ca?™*
influx and efflux rates were reduced to similar extents (Fig.
12B), demonstrating a fine flux balance between the two sys-
tems as required to achieve steady-state conditions (49).

Taken together, our results show that in AGAT-KO cardio-
myocytes, the Ca®* influx to the cytosol is reduced and
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Figure 11. Estimation of Ca* fluxes using mathematical modeling. A: cardiomyocyte response to periodic stimulation by a 2-step voltage pulse, as in
the experiments with the 2nd step at 0 mV. Here, the cytosolic Ca® " concentration and corresponding Fluo-4 with bound Ca? * (FCa) concentration is
shown at the top, and transmembrane currents are shown at the bottom. The considered currents were as follows: total (TOT), L-type calcium channel
(LTCC), Na"/Ca®" exchanger (NCX), plasma membrane Ca®" ATPase (PMCA), and background Ca® " (BCa). B: cardiomyocyte response to stimulation
with the rectangular pulse (0 mV) after sarcoplasmic reticulum (SR) depletion of Ca® ", corresponding to the experimental conditions during loading of
cardiomyocytes with Ca® " after caffeine treatment. Here, the model solution for the first 3 pulses is shown using the same notation as in A. Note that
the scale of FCa is different in A and B. C: distribution of overall fluxes during 1 beat while loading cardiomyocyte with Ca? ™", as in B. The fluxes are classi-
fied as “influx” and “efflux” from following Ca®* in the cytosol; i.e., processes bringing Ca>* to the cytosol are classified under influx and processes
removing Ca® " from the cytosol are classified under efflux. Cellular buffering is including binding to troponin C and calmodulin. During a beat, Ca? " is
first bound to the buffers and later released; hence, buffers contribute to influx and efflux when overall fluxes are considered. Note that the steady-state
solution (pulse 100) is shown using a different scale than the first 3 pulses. D: distribution of net fluxes during the 1st beat when loading cardiomyocyte
with Ca? . Here, SR, when accounting for the difference in uptake through sarcoendoplasmic reticulum calcium ATPase (SERCA) and Ca®* release
through RyR and leak, is the main contributor in removing Ca®* from the cytosol. The main Ca®* provider is LTCC, with net contribution of buffers and
Ca”™* leak through sarcolemma next in the contributions. The net contribution of Na*/Ca?* exchanger (NCX) to the influx of Ca®* during the first beat
was too small to show on the chart. See the main text for the discussion of these modeling results.

slowed down; I rcc is reduced (Figs. 3C and 4), as is the rate of
Ca®™ transfer between the subspace and the cytosol (Figs. 12B
and 13). The slower Ca®*-dependent inactivation of Ircc
speaks in favor of that at least part of the slowed Ca®>* transfer
is due to a smaller CICR. In addition, Ca?* efflux is slowed
down (Fig. 6B) through a reduction in SERCA (Fig. 12). These
results are in agreement with the impaired rates of contrac-
tion and relaxation in AGAT-KO mice recorded in vivo (21).

Effects of Adrenergic Stimulation

B-Adrenergic stimulation of the cardiomyocytes with iso-
prenaline affected the parameters of the I;cc current-volt-
age relationship to a similar extent in the three animal
groups (Fig. 4). Thus, LTCCs in AGAT-KO exhibited a full
B-adrenergic response, but their current remained smaller
than that of WT and KO + Cr.

ISO enhanced SR function to a greater extent in AGAT-KO
than in AGAT-WT and AGAT-KO + Cr. ISO had a larger effect
on the Ca®™ transient decay time in AGAT KO (Fig. 6B), and it
abolished the genotype differences in I rcc inactivation time

H820

constants (Fig. 5B). The latter suggests that ISO enhanced
CICR via the ryanodine receptors. This is in agreement with
the fact that ISO also had a greater effect on the Ca®>* tran-
sient maximum in AGAT-KO (Fig. 6C). Despite a greater effect
of ISO in AGAT-KO, the Ca?>* transient decay was still slower
in AGAT-KO cardiomyocytes under all conditions (Fig. 6B).
This is consistent with hemodynamic measurements, where
contractility was slower in AGAT-KO animals with and with-
out adrenergic stimulation (21).

LTCC and SERCA Expression

The overall slowing of calcium fluxes was not due to
changes in protein expression of LTCC or SERCA (Fig. 14).
This suggests that regulatory mechanisms and/or changes in
the expression of regulatory proteins are involved. In the
case of SERCA, ultrastructural changes in AGAT-KO cardio-
myocytes affecting its colocalization with CK could also
affect the function.

Our Western blotting results are in agreement with a study
on gene expression in AGAT-KO and WT hearts (50), where
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the most relevant reported changes were in the conduction
system of the heart in the expression of Scn4a, Scn4b, and
Cacnals. However, the isoforms of sodium- and L-type cal-
cium channel encoded by these genes (Na,1.4 and Ca,1.1) are
not the predominant forms in the heart, where the main
channels are Na,1.5 (Scn5a) and Ca,1.2 (Cacnalc) (51, 52). No
changes in Cacnalc or SERCA were reported (50), so we
assume there was no differential regulation found. This is in
line with our protein expression measurements (Fig. 14).
There are several gene regulation studies performed on
AGAT-KO to study changes in gene expression in skeletal
muscle, brain, and heart (50, 53, 54). Multiple changes in
gene expression were found in all these studies. Taking into
account that there were 485 affected genes (50), it demon-
strates that the absence of a functional CK system in the
heart does interfere significantly with cardiomyocyte devel-
opment, in agreement with our patch clamp results.
Furthermore, our data point to changes being induced by the
absence of CK that have significant functional consequences
and induce physiologically relevant adaptations in the heart.

Female and Male Mice Are Affected Equally by Creatine-
Deficiency

In our study, we looked into possible sex differences. In
some of the comparisons (Figs. 4, B, C, E, and F, 6B, and 8C),
sex was one of the parameters in the highest-scoring
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statistical models. However, when analyzed further, we did
not find a single case where sex contribution would be con-
sidered statistically significant, either separately or through
interaction with the other parameters. Therefore, we con-
clude that the phenotype of AGAT-KO cardiomyocytes was
similar for female and male mice.

Rescue by Creatine Supplementation

The changes observed in AGAT-KO mice were fully res-
cued by lifelong supplementation of creatine in the food, as
observed in the KO + Cr group. This includes recovery of
LTCC current-voltage relationship, I;rcc inactivation, and
Ca?* uptake by SR during a test pulse. The recovery was full
under control conditions and during p-adrenergic stimula-
tion with ISO.

The present results may at first seem to contrast those of
Faller et al. (21), where they found that homoarginine, but
not creatine, rescued cardiac contractility in AGAT-KO mice.
Whereas creatine supplementation in AGAT-KO mice is
shown to recover the creatine content in skeletal muscle and
brain (55) as well as in the heart (21), the level of homoargi-
nine, the product of the second reaction catalyzed by AGAT
(19), remains low. Faller et al. (21) found that when AGAT-KO
were given supplements of homoarginine or creatine later in
life, only homoarginine supplementation rescued the pheno-
type. However, there are notable differences between the
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preparations. First, the present study focused on the Ca?*
dynamics of LTCC and CICR using patch clamp, where the
intracellular environment is affected by the pipette solution
and the cardiomyocytes are stimulated by rectangular
pulses. Faller et al. (21) recorded contractility of the whole
heart and intact cells. Thus, in their preparation, contractil-
ity was affected by the shape of the action potentials, Ca®*
flux through NCX, which may be important in mouse cardio-
myocytes (56), as well as cross-bridge kinetics and Ca®*
binding and unbinding to troponin (57, 58). Secondly, the
rescue experiments in Faller et al. (21) were performed after
the mice had experienced a period of creatine deficiency,
and the mice did not recover their body weight. In the pres-
ent study, the AGAT KO + Cr mice received creatine-supple-
mented food from the time of separation from their
littermates, and their body weight was similar to that of
AGAT-WT. Thus, the timing of creatine supplementation is
important. In fact, our results are well in agreement with
those of Faller et al. (21), who found that lifelong creatine
supplementation led to similar Ca®>* transients in WT and
KO, whereas contractility remained slower. Thus, creatine
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supplementation throughout life can rescue LTCC and CICR
Ca?* dynamics in AGAT-KO. But for rescue of contractility,
supplementation with homoarginine is required.

The Impact of Creatine Deficiency on e-c Coupling

According to our results, creatine deficiency in AGAT-KO
mice had a significant impact on LTCC and SR Ca?* dynam-
ics in cardiomyocytes. It is uncertain whether it relates to a
compromised CK energy transfer per SE. Cardiomyocytes
have intracellular, lattice-like diffusion barriers (59-61). In
the mitochondria, most of the VDAC channels are inaccessi-
ble for ADP coming from the cytosol (62) either through clo-
sure of VDAC (63) or its shielding by intracellular structures
(64, 65). The CK system has been suggested to play a crucial
role in cardiomyocytes, overcoming these barriers and
ensuring an adequate energy transfer and thus adequate per-
formance of the e-c coupling system (66). However, a study
on isolated hearts suggested that energy transfer is, at least
under some conditions, carried out through diffusion of ATP
and ADP rather than creatine and phosphocreatine (67). So
far, the studies on AGAT- and GAMT-KO hearts demonstrate
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Figure 14. L-type Ca® " channel (LTCC) and sarcoplasmic reticulum Ca®" ATPase (SERCA) expression levels were similar in arginine-glycine amidino-
transferase (AGAT) knockout (KO) and wild type (WT). A and B: representative Western blots for LTCC (A) and SERCA (B) with the random distribution of
the samples as indicated at top. The ladder is shown in the 1st lane of the blots, and the arrows indicate the analyzed peaks. C: LTCC, SERCA, and
GAPDH expression levels normalized by protein staining were related to the mean expression of WT (both sexes pooled). Expression levels are shown
as means + SE. Note that none of the studied proteins showed a statistically significant difference between WT and KO. No. of animals used for expres-
sion analysis is shown as female/male: LTCC: KO 5/6 and WT 5/6; SERCA: KO 6/7 and WT 5/6; GAPDH: KO 6/6 and WT 5/6.

that the energy transfer through diffusion of ATP and ADP
can support the cell function. In GAMT-KO, no changes sug-
gesting reorganization of diffusion barriers on VDAC or cyto-
solic barriers have been recorded, nor has adaptation in
terms of mitochondrial reorganization (17). Thus, there is a
contradiction between expected dominance of CK system in
energy transfer on the basis of large fractions of closed
VDACs in the heart mitochondria and the data from GAMT-
KO. This contradiction and establishing whether cardiomyo-
cytes in AGAT-KO have changes in energy transfer system as
well as intracellular diffusion restrictions is the subject of
further studies.

A comparison with studies on other mouse models with
an inactivated CK system provides important information.
Isolated heart muscle from CK-knockout mice lacking both
mitochondrial and cytoplasmic CK have similar Ca?* transi-
ents and force development at different stimulation condi-
tions as in wild-type mice (68). Furthermore, creatine-
deficient GAMT mice, which have high levels of homoargi-
nine (19), exhibit normal contractility at low to moderate
workloads (15). This suggests that the changes in LTCC and
SR Ca®>* dynamics observed in AGAT-KO mice do not relate
to a compromised energy transfer per SE. Only the combined
effect of creatine and homoarginine deficiency affects Ca?*
dynamics under baseline conditions.

Because our results point to a reduced SERCA activity
combined with a reduced Ca?* influx due to reduced LTCC
and conductance between dyadic space and cytosol, we can
speculate that Ca?* influx is tuned to match Ca?* efflux
capacity of the cardiomyocytes during the development of
the heart. Interestingly, this is done in addition to functional
coupling between Ca?* influx and efflux via feedback mech-
anisms (49). This matching could explain why Ca®>* influx
was reduced while not being coupled to ATPase activity
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directly as LTCC opening and diffusion from dyadic space
are. Looking at the bigger picture, such matching would
make sense. It will allow the heart to optimize expression of
the involved proteins and possibly make the feedback regu-
lation for matching Ca®* influx and efflux faster to respond
to out-of-balance cardiac cycles. As a result, that would allow
the heart to resist Ca?* overload and all possible complica-
tions arising from it, such as arrhythmia and mitochondrial
damage. However, the precise mechanism behind such
matching of proteins and organization of the compartments
responsible for Ca?* influx and efflux is the subject of fur-
ther studies.

In summary, we have demonstrated that creatine defi-
ciency in AGAT-KO mice leads to changes in LTCC and SR
Ca?* handling in cardiomyocytes. Because these changes
can be prevented by lifelong creatine supplementation
through the food, we conclude that a functional CK system is
involved in developing normal Ca?* handling in the heart.
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