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INTRODUCTION

Cationic fluxes across intracellular membranes play essential roles in the
functioning of membranous organelles like mitochondria and the sarcoplasmic/
endoplasmic reticulum (SR/ER). It is generally accepted that intracellular trans-
membrane cationic fluxes are indispensable for ATP production, mitochondrial
dynamics, cell excitability and/or contraction, redox homeostasis and many
other processes. Cation (particularly Ca*") fluxes across the SR/ER membrane
determine many essential processes in excitable cells such as cardiomyocytes
and neurons. Some fluxes driven by ATPases (for example, Ca’* ATPase)
against a concentration gradient need a strong energy support to maintain a high
ATP/ADP ratio near the pumps.

Mitochondria are known as the mobile power plants of the cell because of
their ability to generate ATP and to change spatial organization depending on
local energy demand. In addition to ATP synthesis, mitochondria are the site of
other important metabolic reactions, including steroid hormone and porphyrin
synthesis, the urea cycle, lipid metabolism, and the interconversion of amino
acids (Brookes et al., 2004). Although the mitochondrion is a separated
organelle, its function and functioning within the cell is tightly connected to
SR/ER functioning and vice versa. Together they control different aspects of
cellular metabolism and there is a tight functional coupling between them which
involves Ca®" handling, signalling pathways including activation of cell death
mechanisms, and enzyme synthesis, amongst others.

It has been shown by several studies that changes in mitochondrial ion
homeostasis and membrane potential may lead to changes in the basic functions
of mitochondria and also to changes in its volume and geometry (Halestrap,
1989; Juhazova et al., 2004; Kaasik et al., 2007; Safiulina et al., 2006). These
changes are especially important in cells where organelles are highly organized,
like in mammalian cardiomyocytes (Dhalla et al., 2009; Vendelin et al., 2004
and references therein), or where they match the size of intracellular spaces, as
in neurons (Benquet et al., 2002; Kaasik et al., 2007; Safiulina et al., 2006;
Shepherd and Harris, 1998). These changes have been associated with a wide
range of important biological functions and pathologies. For example, defects in
axonal transport are indirectly linked to several progressive human
neurodegenerative diseases including Alzheimer’s disease, Huntington’s disease
and amyotrophic lateral sclerosis. Swollen mitochondria are able to mediate
mechanical signals that affect their neighbouring structures in cardiomyocytes
by increasing the contractility in ATP and Ca*" in an independent manner
(Kaasik et al., 2004). It has been suggested that mitochondrial volume
modifications could also have an important impact also on other mitochondria-
rich cell types such as neurons (Kaasik et al., 2007). However, the role of ion
flux-induced changes in mitochondrial geometry has not been investigated.

In the cell, maintenance of Ca*" homeostasis is an ATP-dependent process so
that alterations in mitochondrial energy producing or in energy transport
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systems may lead to imbalanced Ca*" handling. Changes in Ca®" concentration
in the SR/ER lumen and cytosol may lead to a dysfunction of the cell or even to
the activation of cell death mechanisms by causing mitochondrial Ca**
overload. Importantly, the intra/extrareticular balance of Ca®" depends not only
on SR/ER Ca®*" uptake but also on transmembrane Ca*" leak during period of
rest. This leak is suggested to be a Ca®" efflux through calcium-sensitive
calcium release channels, ryanodine receptors, or through the reversal of SR/ER
ATP-dependent Ca®* pumps (SERCA). It has been suggested that Ca®" loss
through Ca*" pumps is sensitive to the cellular energetic state (Shannon et al.,
2002). An increased Ca®" leak may lead to cell pathologies or to be an
additional factor in the development of heart failure. Such an important question
needs to be studied.

Theoretically, Ca®" fluxes in the SR/ER are able to induce a significant
redistribution of the electrochemical potential across the SR/ER membrane.
However, despite the ongoing movement of Ca*" ions, the SR/ER membrane
maintains its electroneutrality. This means that Ca®" uptake and release must be
equilibrated by fluxes of some counter-ions such as K", Na" or CI. The
dependence of Ca®" fluxes in the SR/ER membrane on K concentration in the
cytosol and in the SR/ER has been known for decades (Abramcheck and Best,
1989; Liu and Strauss, 1991). It is also known that Ca*" uptake by SERCA is
coupled to H" efflux (Levy, 1990 and references therein) and some mechanisms
must exist to prevent high pH shifts in the vicinity of SERCA. However, ion
fluxes through the SR/ER membrane, which could compensate for Ca*" and
H" fluxes across the SR/ER membrane, are poorly studied.

Accordingly, in the present study, we investigated how the swelling of
mitochondria, which is controlled by transmembrane cationic fluxes, may
change the functional properties of two types of excitable cells: neurons and
cardiomyocytes. We studied the effects of mitochondrial swelling on organelle
trafficking in neurite shafts and on properties of myofibrillar and nuclear
compartments. Furthermore, we investigated the regulation of transmembrane
Ca®" fluxes in the SR/ER. Firstly, we studied the control of transmembrane Ca**
fluxes by SR/ER potassium homeostasis. Secondly, we studied the pathways of
passive Ca’" efflux from cardiomyocytes, and their dependence on the energetic
state of the cell.
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BACKGROUND OF THE STUDY

I. Mitochondria
I.1. Mitochondrial structure

The mitochondrion is a membrane-enclosed organelle found in most eukaryotic
cells. A mitochondrion contains outer and inner membranes composed of
phospholipid bilayers and proteins. The outer mitochondrial membrane is
permeable to most ions and nutrients with a molecular mass of up to 5000
daltons passing through the membrane through the porin channel. Larger
molecules and proteins can only traverse the outer membrane by using specific
carriers or protein import machinery. The inner membrane is highly convoluted
and forms internal compartments known as cristae. The highly folded inner
membrane greatly increases the total surface area and houses the electron
transport chain together with ATP synthetase as well as transport proteins for
ions and metabolites. The space inside the inner membrane is called the
mitochondrial matrix and it contains soluble enzymes which catalyse the
oxidation of pyruvate and fatty acids, mitochondrial ribosomes and
mitochondrial DNA (Alberts ef al., 2002).

1.2. Mitochondrial function

The main function of mitochondria is to produce ATP by oxidative
phosphorylation. In the mitochondrial matrix, acetyl coenzyme A (a product of
pyruvate or fatty acid oxidation) enters the Krebs cycle giving the reduced
equivalents (NADH and FADH,). These equivalents are oxidized in a series of
reactions catalysed by the electron transport chain in the mitochondrial inner
membrane, where electrons finally pass to oxygen, which is reduced to water.
The chemical energy liberated in these reactions is used to export protons from
the matrix into the intermembrane space, thus creating an electrochemical
proton gradient (—150 to —200 mV) across the inner mitochondrial membrane.
This gradient then is used as a driving force for ATP synthetase to produce ATP
from ADP and inorganic phosphate.

Mitochondria also act as an intracellular Ca®" store. Their strategic
localization close to the spots of intracellular Ca*" release makes them very
good “cytosolic buffers” for Ca®" (Duchen, 2000). They are also key players in
cell death mechanisms. Opening of the membrane permeability transition pore
(PTP), a nonselective, high conductance channel, leads to the release of
cytochrome ¢ and other apoptotic factors, triggering the activation of caspase
cascades. Besides these, mitochondria participate in many other cellular
processes which are out of the scope of this study.
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1.3. Mitochondrial dynamics

Mitochondria need to be in close spatial localization with other cell organelles
for the most efficient use of the energy they produce. In densely packed and
mitochondria rich cell types like in cardiomyocytes, the mitochondria are
localized close to the energy consuming structures and direct energetic cross-
talk between mitochondria and the ATPases of the sarcoplasmic reticulum has
been demonstrated (Kaasik ef al., 2001).

In contrast to cardiomyocytes where mitochondria are stationary organelles,
the neuronal mitochondria are highly motile. With the help of motor proteins —
kinesins, dyneins and myosins, the mitochondria are transported along
cytoskeletal tracks to areas where the energy demands are high and/or where
calcium buffering is required (Duchen, 2000; Gunter et al., 2000; Hollenbeck
and Saxton, 2005; Reis et al., 2009). Such mitochondrial trafficking is
particularly important for neurons, where mitochondria are obliged to travel
considerable distances along axons to supply synaptic endings with the energy
needed for neurotransmitter release and recycling (Chen and Chan, 2006). It
should be noted here that mitochondria must be transported through the slender,
highly branched neuronal processes: the axonal shafts between the varicosities
are extremely thin, with mean diameter of around 200-300 nm (Benquet et al.,
2002; Shepherd and Harris, 1998) that matches the diameter of mitochondria
(Kaasik et al., 2007; Safiulina et al., 2006). It has been shown that even small
perturbations of mitochondrial dynamics can, over time, give rise to severe
effects in neurons. Aberrant mitochondrial dynamics can contribute to the
pathogenesis of late-onset neurodegenerative conditions such as amyotrophic
lateral sclerosis, Huntington’s, Parkinson’s and Alzheimer’s diseases (Shi et al.,
2010; Su et al., 2010 and references therein; Wang et al., 2009).

|.4. Mitochondrial volume homeostasis

Mitochondrial volume homeostasis is a housekeeping function essential for
maintaining the structural integrity of the organelle. Changes of mitochondrial
volume may strongly modulate mitochondrial physiology and be a key issue in
cellular pathophysiology. There are two principally different ways of
controlling mitochondrial size. Mitochondria frequently fuse and divide, and the
balance of these processes determines overall mitochondrial morphology.
Another possibility is related to water movement into and out of mitochondria.
The inner mitochondrial membrane is impermeable to most ions and their flux
and concentrations in the mitochondrial matrix are controlled by specific
channels and exchangers, whereas water flux into and out of mitochondria is
mainly determined by the osmotic gradient between the cytosol and the matrix.
Osmotic balance between the cytosol and the matrix determines water
movement (whether it passes through the inner membrane by simple diffusion
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through the lipid bilayer or accompanies ions through the channels or through
specific water channels: aquaporins) between these two compartments, by
which the mitochondrial matrix volume is influenced.

It has been suggested that the abovementioned osmotic balance in
mitochondria is mainly controlled by mitochondrial potassium fluxes.
Moreover, it has been suggested that altered potassium fluxes could also
mediate the mitochondrial matrix volume changes observed with depolarization,
Ca”" overload and opening of the PTP (Kaasik et al., 2007).

2. Endoplasmic reticulum
2.1. Structure and distribution of the endoplasmic reticulum

The endoplasmic reticulum (ER) is the largest single intracellular organelle
which appears as a three-dimensional network formed by an endomembrane. Its
structural organization is extremely variable, being organized in a complex
system of microtubules and cisternae; this organization depends on its
functions. The most obvious structural heterogeneity concerns the division of
the ER into two different forms: rough ER with associated ribosomes which is
involved in protein synthesis, correct post-translational “folding” of these
proteins and Ca®" signalling; and smooth ER which is mainly responsible for
Ca”" signalling; and the nuclear membrane. In muscle cells, the ER is arranged
in series of ranks with the sarcomers and is called the sarcoplasmic reticulum
(SR), which ensures the synchronous release of Ca>" and the creation of the
rapid global signals necessary to contract the large muscle cells. In neurons, the
ER extends from the nuclear envelope to axons and presynaptic terminals, as
well as to dendrites and dendritic spines which are much less organized.

2.2. Function of endoplasmic reticulum

The ER is a multifunctional signalling organelle regulating a wide range of
cellular processes. One of its primary functions is the regulation of cytosolic
Ca”" concentration. The ER is a source of the Ca>" ions that are released through
either inositol 1,4,5-trisphosphate — sensitive receptors (IP;R) or ryanodine —
sensitive receptors (RyR), and it removes Ca>" from the cytosol by the SERCA.
The ER also serves as a common transport route through which numerous
proteins are delivered to their destination (Palade, 1975). The ER also plays a
central role in sterol biosynthesis, on the one hand through sensing the level of
sterols by having sterol regulatory element-binding proteins in its membrane,
and on the other by providing output signals that make the necessary
adjustments to lipid synthesis to maintain a constant level of membrane
cholesterol. The ER takes part in the modulation of inflammatory reactions and
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the regulation of signalling enzymes by being one of the membranes to which
cytosolic phospholipase A2, the enzyme that hydrolyses lipid precursors in the
ER to release arachidonic acid, is associated. Another important function of the
ER is in taking part in activating cell death mechanisms by activating apoptosis
upon the release of caspase-12 from the ER membrane by proteolytic cleavage
following ER stress or by involving the ER/mitochondrial couple (Berridge,
2002).

3. Physiological role of interactions between the ER,
mitochondria and other cellular organelles

3.1. Mitochondria-associated membranes and
calcium crosstalk

The mitochondrial outer membrane can associate with the ER membrane, in a
structure called the mitochondria-associated ER-membrane (MAM). Such
contacts are crucial for the synthesis and intracellular transport of phosp-
holipids, as well as for intracellular Ca*" signalling and for the determination of
mitochondrial structure (for a review, see Lebiedzinska et al., 2009). In the
MAM area, distances between mitochondrial and the ER membrane are very
short and membranes are adjoined by tethers that are ~10 nm at the smooth ER
and ~25 nm at the rough ER (Csordas et al., 2006). The possible occurrence of
functional microcompartments created by juxtaposed contact sites between
mitochondria and the ER sufficient for the synthesis and transfer of
phospholipids derived from serine has been suggested by different authors
(Ardail, 1993; Vance, 1990). It is proposed that MAMs which participate in
intracellular calcium signalling are formed in the SR/ER membrane facing
mitochondria, where channels releasing Ca** (IP;R and RyR) are concentrated
into clusters and form functional units that communicate with juxtaposed
mitochondrial Ca®" uptake sites (Hajnoczky et al., 2000; Lebiedzinska et al.,
2009 and references therein).

It is also known that mitochondrial Ca*" homeostasis synchronizes ATP
generation with the energy needs of the cell. Increased Ca®" concentrations
([Ca*"]) in the cytoplasm will increase matrix Ca*" level which in turn will
stimulates dehydrogenases of the Krebs cycle and enhances the electron flow
through the electron transport chain and increasing ATP production (Brookes et
al., 2004; Cortassa et al., 2003; Jouaville et al., 1999). Such cooperation
between mitochondria and the SR has been best demonstrated in the heart where
increase in cardiac workload increased the cytoplasmic [Ca®'] and increased the
mitochondrial ATP production (Harris and Das, 1991; Territo et al., 2000,
2001).
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3.2. Energetic crosstalks between the mitochondria and
the SR/ER

Recent reports suggest the existence of energetic communication between
mitochondria and the SR/ER. The Ca*" uptake of SR/ER requires a constant
ATP supply to create a high ATP/ADP ratio near the SERCA. ATP can reach
for these energy demanding areas by passive diffusion, by facilitated diffusion
or by direct channelling from closely located mitochondria or glycolytic
machinery (Boehm et al., 2000; Kaasik et al., 2001). It has been shown that in
cardiomyocytes, where the SR/ER energy need is the highest, the Ca*" uptake
by SERCA can be efficiently supported by direct energy channelling from
mitochondria and by creatine kinase mediated energy channelling (Kaasik et al.,
2001). Consistent with this direct ATP channelling theory, Saks et al. (2001)
demonstrated that mitochondria can directly withdraw ADP from
myofibrils/SR. Furthermore, it has been shown that in cardiac muscle,
cytoarchitecture disturbances lead to alterations in the direct transfer of energy
from mitochondria to SERCA (Wilding et al., 2006).

4. Intracellular potassium channels and exchangers

4.1. Classification of the intracellular potassium
channels and exchangers

There are four major classes of potassium channels in the cell mostly located in
the plasma membrane: inwardly rectifying potassium channels, calcium-
activated potassium channels, tandem pore domain potassium channels and
voltage-gated potassium channels. From inwardly rectifying potassium
channels, only a subclass of ATP-dependent channels (Katp) was shown to also
have an intracellular localization. Mitochondrial localization of Karp channels
was thoroughly reviewed by Bernardi (1999) and Garlid and Paucek (2003), and
more recently Zhou et al. (2005) demonstrated that, K rp channels are also
present in other intracellular sites, including the ER. A number of pharmaco-
logical openers (diazoxide, cromacalim) as well as inhibitors (glibenclamide,
sodium 5-hydroxydecanoate (5-HD)), are known to modulate these channels.
However, they have no specificity towards the intracellular channels and affect
plasma membrane K,rp channels as well.

From the calcium-activated potassium channels (Kc,), the large-conductance
Ca”"-dependent K* channel (BKc,) has been shown to also be located in
mitochondria (Nowikovsky et al., 2009 and references therein) and the ER
membrane (Yamashita et al., 2006). These BK, channels can be opened by NS
1619 (Bednarczyk, 2009 and references therein) and blocked by scorpion-
venom toxins charybdotoxin, iberiotoxin and paxilline (Szewczyk et al., 2006).
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Similarly to Karp channel modulators, these compounds also affect plasma
membrane BK(, channels. No intracellular localization of the other Kc,
channels, the small conductance (SKc,) and intermediate conductance (IKc,)
calcium-dependent potassium channels has been demonstrated to date.

Potassium flux across intracellular membranes could also be controlled by
the K'—~H" exchanger (KHE). Its localization in the inner mitochondrial
membrane is well established although its molecular nature has remained under
question. The KHE is known to be regulated by Mg®" and H' in the matrix, the
matrix volume and quinine, and irreversibly inhibited by dicyclo-
hexylcarbodiimide (DCCD) (Bernardi, 1999). The MDM38/YOL027cp gene has
been identified as an essential gene for mitochondrial KHE activity and for
respiratory growth in yeast cells. Strong evidence for the role of this gene in
KHE expression came from the finding that nigericin, a substance which is
known to ensure electroneutral K'/H" exchange, restored aerobic growth in
Mdm38p/Yol027cp-null yeast strains and reverted mitochondrial swelling in
situ. The human homologue for this gene is known as LETM]I. It is not clear
whether these proteins constitute the KHE itself or whether they are an essential
component allowing the exchange activity to take place (Nowikovsky et al.,
2004, 2007, 2009).

4.2. Relevance of intracellular potassium
fluxes in mitochondria

It has been suggested that the main role of mitochondrial K* channels, as well as
mitochondrial K" fluxes, in general, is to govern mitochondrial volume
homeostasis. Mitochondrial volume homeostasis is a housekeeping function
essential for maintaining the structural integrity of the organelle. Changes in
mitochondrial volume may strongly modulate mitochondrial physiology and be
a key issue in cellular pathophysiology. Recently, it was suggested that
mitochondrial swelling could have other effects on cell function. The results
obtained by Kaasik et al. (2004) suggest that, in cardiomyocytes, an increase in
mitochondrial volume can impose mechanical constraints inside the cell.
However, the possible consequences of such an intracellular mechanical impact
have not yet been investigated.

Such a mechanical signalling could also exist in neurons. Mitochondrial
traffic in axonal shafts could be very sensitive to mitochondrial volume
modulations because the diameter of these shafts precisely matches mito-
chondrial diameter under normal conditions (Benquet et al., 2002; Kaasik et al.,
2007; Safiulina et al., 2006; Shepherd and Harris, 1998). Therefore, a temporal
increase in mitochondrial size (induced either by a cation influx or disruption of
mitochondrial potential) could be one of the factors regulating mitochondrial
traffic in neurites.
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In living cells, alterations in mitochondrial potassium flux control may be
related to Wolf-Hirschhorn Syndrome (WHS) which is a complex disease
involving the central nervous system and is caused by the partial, heterozygous
deletion of the terminal portion of the short arm of one chromosome 4 involving
the 4p16.3 region (Nowikovsky et al., 2009). It causes severe growth and
mental retardation, hypotension, midline fusion defects and typical facial
dysmorphism seizures and poor muscle tone, amongst others (Johnson et al.,
1976; Wilson et al., 1981; Zollino, 2000). According to genetic studies on WHS
patients, deletion of the human KHE gene LETM1 (and therefore, alteration in
the KHE) is likely to be responsible for the development of this disease
(Nowikovsky et al., 2009).

4.3. Relevance of potassium fluxes
in the endoplasmic reticulum

Efficient Ca’" uptake coupled to electrical charge displacement should be
accompanied by counter-ion movements across the ER. A lack of such counter
flux would develop a membrane potential which would oppose further Ca**
pumping to the ER. Indeed, translocation of Ca®" ions to the ER lumen by
SERCA is associated by the counter transport of protons to ensure partial
charge balancing (Levy ef al., 1990). However, the basal level of protons in the
lumen is only around 10'M and could not compensate for a relatively massive
calcium ion entry into the reticulum; moreover, such a proton flux could induce
a considerable pH change in the lumen and compromise the SERCA function
(Peinelt and Apell, 2002). Therefore, it is reasonable to suggest that Ca®" flux
across the SR/ER membrane is coupled to counter fluxes of intracellular ions
(first of all, K*), which could equilibrate the transmembrane potential. However,
there is still no clear-cut evidence demonstrating whether or not K* fluxes are
important for ER Ca®" uptake. Moreover, it is also not clear which types of K
channels are present in the SR/ER membrane.

5. Intracellular calcium fluxes
5.1. Intracellular calcium pumps and channels

Compared with potassium handling pathways which seem rather similar for the
ER and mitochondria, the Ca*" handling of these structures is rather different.
Entry of Ca”®" into the mitochondrial matrix is controlled by the mitochondrial
Ca®" uniporter, whereas its extrusion from the matrix occurs through the
Na'-Ca*" exchanger. The Ca®" uniporter is regulated by divalent cations and
adenine nucleotides, and inhibited by ruthenium red (Bernardi, 1999; Colegrove
et al., 2000). In addition, two previously unknown Ca*'-selective voltage-
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dependent channels referred to as mCal and mCa2 were identified by patch
clamping the inner membrane of mitochondria from human hearts (Michels et
al., 2009). Calcium is primarily extruded from the matrix through the Na*-Ca**
exchanger in exchange for Na', and Na" is further exchanged for protons by the
Na'-H" exchanger (NHE) (Bernardi, 1999; Dash and Beard, 2008; Gunter and
Pfeiffer, 1990). Another Ca®" efflux pathway is the Na'-independent Ca®'-
exchange pathway for Ca>" extrusion from the matrix, possibly by the Ca*"-H"
exchanger found in some tissues such as the liver (Gunter and Pfeiffer, 1990).

In contrast to the mitochondria, Ca®" uptake into SR/ER is driven by
ATP-dependent Ca®" pumps. These include three gene products SERCALI,
SERCA2 and SERCA3 (alternative splicing produces two distinct isoforms of
SERCA2, namely, 2a and 2b). The SERCAI is exclusively expressed in fast
skeletal muscle, SERCA?2 is ubiquitously expressed, and SERCA3 is considered
to be mainly expressed in cells of the haematopoietic lineage and in some
epithelial cells (for a review, see Verkhratsky, 2005 and references therein).
SERCA utilizes the free energy of ATP to transport Ca’’ against the
concentration gradient and it has been shown that Ca®" uptake is strongly
dependent on energetic conditions in the vicinity of the SERCA pump (Kaasik
et al., 2001). It can be irreversibly be blocked by thapsigargin (TG) and
reversibly blocked by 2,5-di(tert-butyl)hydroquinone (TBQ) and cyclopiazonic
acid (CPA). The rate of Ca’" pumping is controlled by the Ca*" concentrations
in the ER lumen and in the cytoplasm. Another factor which has been suggested
as regulating Ca®" uptake, and which is very poorly studied, is the movement of
counter-ions.

The Ca®" efflux from the SR/ER is executed by two families of Ca®*
channels, the Ca*"-gated Ca®" channels, generally referred to as RyR, and the
inositol 1,4,5-triphosphate (IP;) — gated channels, commonly known as IP;R.
Functional activity of IP;Rs is controlled by both IP; and cytosolic free Ca",
whereas RyRs are directly activated by cytosolic [Ca*']. In neurons, both RyR
and IP;R types of Ca*"-release channels are expressed whereas cardiomyocytes
express a significantly larger number of RyRs compared to IP;Rs. The RyR is
considered to be the major pathway for Ca®" efflux, which is important for
muscle contraction. On the other hand, IP;R may play crucial roles in
subsarcolemmal, bulk cytoplasmic and nuclear Ca®* signalling in cardio-
myocytes (Kockskédmper et al., 2008).

5.2. Relevance of Ca?* fluxes in mitochondria and SR/ER

Both organelles act as intracellular Ca*" stores. Whilst the role of the SR/ER as
intracellular Ca®" storage has been well established for decades, the role of
mitochondria in Ca®" homeostasis has remained less studied for a long time.
However, it is now widely accepted that mitochondria can act as a sponge to
buffer Ca®" despite a low global cytosolic Ca®" concentration and the low
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affinity of the mitochondrial Ca>" uniporter (Gustafsson and Gottlieb, 2008;
Werth and Thayer, 1994). Mitochondrial signals are relatively rapid and
transient because of their position near the cytosolic mouth of the Ca*" channels
localized in either the opposing SR/ER or in the plasma membrane (Rizzuto,
1998) where they can capture a substantial amount of the released Ca*". This
ability helps to prevent the level of Ca*" in the cytosol from becoming too high
and to avoid SR/ER depletion by recycling Ca*" to the SR/ER (Arnaudeau et al.,
2001).

Next to the regulation of energy metabolism by mitochondrial matrix [Ca®"]
changes as described earlier, mitochondrial Ca®" fluxes are able to induce
mitochondrial matrix Ca®" overload, which could be associated with cell injury
and the activation of mechanisms of apoptosis. Therefore, during last decades,
modulations of matrix volume by Ca*" fluxes were actively discussed as a new
topic of interest.

In neuronal cells, the level and dynamic changes in free Ca®" concentration
within the ER lumen determine the function of the ER as a Ca®" signalling
organelle, and regulate the activity of resident intra-ER enzymatic cascades.
Consequently, the cell is vulnerable to disturbances in Ca** handling by the ER.
Severe and persistent disturbances of Ca*" handling by the ER may become a
source of cell death signals. This is particularly important for numerous
pathological processes in which the disruption of ER Ca”" homeostasis may be
implicated as a triggering factor for many forms of cellular pathology (for a
review, see Verkhratsky and Toescu, 2003). Changes in ER Ca®" handling and
cellular Ca®" homeostasis are important in the development of several neuro-
degenerative diseases such as Alzheimer’s disease, Huntington’s disease and
different gangliosidoses. They may also account for cell damage in brain
ischaemia and excitotoxicity and be involved in the pathogenesis of diabetic
neuropathies (Verkhratsky, 2005).

In the heart, the SR is the central element in excitation-contraction coupling
(coupling between electrical excitation of the myocyte and cell contraction).
Calcium is an essential ion for cardiac electrical activity and it is also the direct
activator of the myofilaments which cause contraction. (Bers, 2003).
Contraction of cardiomyocytes depends on the amount of Ca** released from the
SR lumen. It is also generally agreed, that in many cases, compromised
contraction is due to reduced SR Ca®" release or weakened SR Ca’" uptake.
Therefore, myocyte mishandling of Ca®" is a central cause of both contractile
dysfunction and arrhythmias under pathophysiological conditions (Hasenfuss et
al., 2002). Alterations in transsarcolemmal Ca®" current and action potential
characteristics are also seen in heart failure, but the central factor limiting Ca**
transient amplitude is a decrease in SR Ca®" content (Bers, 2003 and references
therein).
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5.3. Calcium leak

Diminished SR Ca®" content may arise not only from reduced Ca*" uptake but
also from increased SR Ca®" loss. In contrast to Ca®" uptake and release, which
have been largely investigated, Ca*" leakage from the SR in resting conditions is
poorly studied. Loss of Ca*" from the ER diminishes the amount of releasable
Ca’" and could affect functioning of the cell. There are two main pathways
suggested as being responsible for such a leak: leakage via RyR or reverse
efflux via SERCA (see Shannon et al., 2002; Sobie et al., 2006 and references
therein). It has been suggested that Ca®" loss through the SERCA is sensitive to
cellular energetic state (Shannon et al., 2002). This raises the possibility that
compromised energetics might favour diastolic SR Ca®" efflux, thus decreasing
the amount of releasable Ca** and thereby altering cardiac contractility.
Nevertheless, it is unclear whether or not a SR Ca®" leak through the SERCA
exists in the heart, and if so, then whether or not it is sensitive to energetic
conditions.

23



AIMS OF THE STUDY

The general aim was to study morphological and functional interactions (which
are controlled by cationic fluxes) of the mitochondria with other organelles.

The specific aims of the study were as follows:

1) To assess whether or not the modulation of mitochondrial volume by altered
cationic fluxes affects organelle transport in neurite shafts of cerebellar
granular neurons and to study whether or not these changes in organelle
transport are related to mitochondrial ATP-generating activity.

2) To study whether or not the modulation of mitochondrial volume by altered
cationic fluxes in cardiomyocytes in situ is able to have a mechanical impact
on the neighbouring compartments (myofibrillar and nuclear ones).

3) To study whether or not potassium fluxes across the SR/ER membrane affect
the functional properties of the SR/ER in excitable cells.

4) To investigate what is the main pathway of Ca*" leak from SR in cardio-

myocytes and whether or not this leak is sensitive to energetic interactions
between mitochondria and the SR.
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MATERIALS AND METHODS

|. Preparation of cardiac fibres and
mechanical experiments

Three- to six-month-old male C57BL/6 mice were anaesthetized by intra-
peritoneal injections of sodium thiopental according to the recommendations of
the institutional Animal Care Committee (INSERM, Paris, France). Hearts were
removed and rinsed in ice-cold Ca**-free Krebs solution equilibrated with 95%
0,/5% CO,. Fibres (diameter 150 to 300 um) were dissected from the left
ventricular papillary muscles. Specific permeabilization of the sarcolemma was
achieced by incubating the fibres for 30 min in basic solution (described below,
in section 1.2 of Materials and methods) containing additionally 50 pg/ml
saponin at 4 °C. After permeabilization the fibres were kept in basic solution at
4 °C until further use. The permeabilized fibres were tied at both ends with a
natural silk thread and mounted on a stainless-steel hook and a force transducer
(AE 801, Aker.s Microelectronics, Horton, Norway). The fibres were immersed
in 2.5 ml chambers arranged around a disc and placed into a temperature-
controlled bath and positioned on a magnetic stirrer in a 22 °C water bath with a
magnetic stirrer.

l.1. Passive force measurement

To estimate intracellular compression induced by swollen mitochondria, we
measured the passive force developed by saponin-permeabilized fibres. The
passive characteristics (passive force, stiffness) of cardiac myofilaments are
known to be very sensitive to mechanical compression associated with a
decrease in lattice spacing (Martyn et al., 2004; Roos and Brady, 1990). To
measure the changes in passive force changes, at the beginning of each
experiment the fibre was adjusted to the slack length (sarcomere length
1.85-1.9um) in basic solution for measuring passive force containing (in mM):
N,N-bis[2-hydroxyethyl]-2-aminoethanesulfonic acid 60 (BES, pH 7.1), free
Mg®* 1, MgATP 3.16, phosphocreatine (PCr) 12, K,HPO4 3, and taurine 20,
dithiothreitol 0.5 supplemented with mitochondrial respiratory substrates, 5 mM
glutamate and 2 mM malate; the ionic strength was adjusted to 160 mM with
potassium methanesulfonate (total K concentration was 80 mM) and free
[Ca®"] was buffered with 10 mM ethylene glycol-bis(B-aminoethyl ether)N, N,
N',N'-tetra-acetic acid (EGTA). Then the fibres were stretched in steps of 5% up
to the maximum stretch of 30% beyond slack length. This pattern of stretching
was repeated in the same solution (control) and in the presence of drugs
modulating mitochondrial volume. The passive force per area (mN/mm®) was
calculated for each.
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1.2. Estimation of releasable SR Ca’* content in situ

To estimate releasable SR Ca®" content in situ under different energetic
conditions, the fibres were stretched to 120% of their slack length (sarcomere
lengths of 2.1-2.2 um) in the relaxing solution. The experimental protocol is
shown in Figure 1. Each experiment began by equilibrating the fibres in
relaxing solution in the virtual absence of Ca®*, SR loading was performed for
5 min in loading solution at 316 nM Ca®". After loading, in order to estimate
SR Ca®" leakage, the fibres were incubated in leak solutions in the absence of
Ca”" or at 100 nM Ca”" under different energetic conditions or in the presence
of different substances for various periods of time (30-300 s). Excess EGTA
was then washed out in release solution with 0.2 mM EGTA for 1 min before
5 mM caffeine was added to induce calcium release. The caffeine-induced
tension transient was used to calculate the time course of free [Ca*'] close to the
myofibrils during release, using the [Ca*']/tension dependence as an internal
calibration. The [Ca*"]/tension relationship was thus measured at the end of
each experiment, in the presence of 5 mM caffeine and under conditions
identical to those of Ca*" release, except that 10 mM EGTA was present instead
of 0.2 mM in order to adequately buffer the free Ca>". Using this relationship,
the [Ca®'] at each step of the tension—time integral was recalculated to obtain
[Ca®]-time integrals (SCa), which were used to evaluate the amount of Ca*"
released by the SR.

LEAK caffeine

30-300s ¥
Y\ RELAX] LOAD5min [ = \_|RELEASE
Ca 0 316 0 0 nM
EGTA 10 10 10 0.2 mM

Figure 1. Experimental protocol for leak experiments (see text).

The SR Ca’" uptake in permeabilized fibres was estimated by analysing the the
tension transient due to caffeine-induced calcium release after SR loading. The
experimental protocol used in this study was a modified version of that
described by Minajeva et al. (1996). After emptying the SR via a brief
application of caffeine (5 mM), the fibres were incubated in relaxing solution
with or without the experimental substances for 15 min. Then SR loading was
carried out in the presence/absence of the same substances in the loading
solutions at 316 nM Ca®". After the loading was completed, fresh relaxing
solution was applied for 30 s and then excess EGTA was washed out in solution
with 0.3 mM EGTA for 60 s before 5 mM caffeine was added to induce calcium
release.
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All solutions were prepared using the basic solution containing (in mM)
EGTA 10 (except in the release solutions, 0.2), BES 60 (pH 7.1), free Mg*" 1,
taurine 20, glutamic acid 5, malic acid 2, K,HPO, 3, dithiothreitol 0.5,
diadenosine pentaphosphate (P',P°) 0.04 (to inhibit adenylate kinase activity),
MgATP 3.16; the ionic strength was adjusted to 160 mM with potassium
methanesulfonate. The desired [Ca®"] was obtained by varying the CaK,EGTA/
K,EGTA  ratio. Relaxing solution was made by adding PCr
12 mM. Loading solution was the same as the relaxing solution but with
316 nM [Ca®'] added. Leak solutions were the same as the basic solution but
additionally contained 2 mM NaNj (to inhibit mitochondria) and/or 12 mM PCr
(to activate creatine kinase system). In order to study glycolytic support,
glycolytic intermediates (4 mM glyceraldehyde-3-phosphate and 4 mM
phosphoenolpyruvate) and 4 mM NAD were added to leak solution containing
ATP and NaNj;. Release solution was the same as relaxing solution but
additionally contained 2 mM NaNj and 0.2 or 0.3 mM EGTA (zero Ca®). All
experiments (except where stated) were carried out in the presence of 10 uM
RU360, a specific mitochondrial calcium uniporter blocker, in order to avoid
any participation of mitochondria in Ca®" fluxes.

2. Preparation of ventricular myocytes

Primary rat and mouse ventricular myocytes were prepared as described earlier
by Verde et al. (1999). Rat and mouse ventricular myocytes were obtained by
retrograde perfusion from hearts of male Wistar rats and male C57BL/6 mice.
Briefly, the animals were anaesthetized by intraperitoneal injection of sodium
thiopental and the hearts were excised rapidly. The ionic composition of the
Ca*'-free Ringer solution was as follows (in mM): NaCl 117, KCI 57, NaHCO;
4.4, KH,PO, 1.5, MgCl, 1.7, D-glucose 11.7, PCr 10, taurine 20, and HEPES
21, adjusted to pH7.1 with NaOH at room temperature. For enzymatic
dissociation, 1 mg/ml collagenase A (Boehringer Mannhein, Germany) and
300 uM EGTA were added to the Ca**-free Ringer solution, so that the free Ca**
concentration was adjusted to 20 uM. The hearts were perfused retrogradedly at
a constant flow of 6 ml/min and at 37 °C by Ca*'-free solution during 5 min
followed by 1h of perfusion at 4 ml/min with the same solution containing
collagenase. The ventricles were then separated from atria, chopped finely and
agitated gently to dissociate individual cells. The resulting cell suspension was
filtered on gauze and the cells were allowed to settle down. The supernatant was
discarded and cells resuspended four more times in Ca*’-free solution
containing a progressively increasing calcium concentration. The cells were
maintained at 37 °C until use.
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3. Preparation of primary culture
of cerebellar granule neurons

Primary cultures of cerebellar granule neurons were prepared according to the
method of Gallo ef al. (1982), with slight modifications. Briefly, the cerebelli
from 8-day-old Wistar rat pups were dissociated by mild trypsinization (0.25%
trypsin at 35 °C for 15 min) followed by trituration in a 0.004% DNase solution
containing 0.05% soybean trypsin inhibitor. The cells were resuspended in
Eagle's basal medium with Earle's salts (Sigma-Aldrich, Germany) containing
10% heat-inactivated fetal bovine serum, 25 mM KCI, 2 mM glutamine and 100
pg/ml gentamicin. The cell suspension was plated at a density of 1.0 x 10°
cellss'ml on poly-L-lysine-coated LabTek II chambered cover-glass
(0.3 ml/chamber; Nunc, Thermo Fisher Scientific, MA, USA) or at a density of
1.25 x 10° cells/ml on 2 ml poly-L-lysine-coated glass bottom culture dishes
(MatTek Corp., MA, USA). 10 uM cytosine arabinoside was added 24 h after
plating to prevent the proliferation of glial cells. The cells were cultured for 5-7
days in a humidified 5% CO,/95% air atmosphere at 37 °C.

4. Preparation of primary culture of cortical neurons

Primary cultures of rat cortical cells were prepared from neonatal Wistar rats.
Briefly, cortices were dissected in ice-cold Krebs-Ringer’s solution that
contained (in mM): NaCl 135, KCl 5, MgSO, 1, K,HPO, 0.4, glucose 15,
HEPES 20, pH 7.4 additionally containing 0.3% bovine serum albumine and
was trypsinized in 0.8% trypsin for 10 min at 37 °C. This was followed by
trituration in a 0.008% DNase solution containing 0.05% soybean trypsin
inhibitor. Neurons were resuspended in Basal Medium Eagle with Earle’s Salts
(Sigma-Aldrich) containing 10% heat-inactivated foetal bovine serum, 25 mM
KCI, 2 mM glutamine and 100 pg/ml gentamicin and plated onto 35 mm glass-
bottom (MatTek) or plastic dishes (Nunc) precoated with poly-L-lysine at a
density of 10°ells/ml (2 ml of cell suspension per dish), or 170 pl per well into
clear bottom 96-microwell plates (Nunc). Three hours later the medium was
changed to Neurobasal-A medium containing a B-27 supplement, 2 mM
GlutaMAX™-I (all solutions from Invitrogen Corp., CA, USA) and 100 pg/ml
gentamicin. The cells were cultured in a humidified 5% CO,/95% air
atmosphere at 37 °C.
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5. Preparation of GT1-7 culture cells

The GT1-7 hypothalamic neurosecretory cells (Mellon et al., 1990.) were
maintained in Dulbecco's modified Eagle's Medium (DMEM/F-12, Invitrogen)
containing 10% heat-inactivated foetal bovine serum and 100 pg/ml gentamicin.
Monolayer cultures at a density of 0.1-0.3 x 10 ¢ cells/cm® were incubated in
plastic dishes coated with 0.01% poly-L-lysine and in clear bottom
96-microwell plates (Nunc) in a 5% CO,/95% air humidified atmosphere at
37 °C. The cells were passaged or used at a confluency of 75-90%. Cells from
the fift to fifteenth passages were used for the experiments.

6. Visualization of mitochondria and lysosomes
in neurons

For mitochondrial tracking, intact neurons were loaded for 30 min at 37 °C with
100 nM MitoTracker Green or 200 nM MitoTracker Red in culture medium. To
stain the cytoplasm, intact neurons were loaded for 30 min with 5 uM
CellTracker Green S5-chloromethyl-fluorescein diacetate at 37 °C in Lockey's
solution containing (in mM): choline chloride 90, NaHCO;, KCI, 0.1, KCI 5,
MgCl, 3, HEPES 20 (pH 7.4), glucose 13.6. This solution was replaced with
conditioned medium after staining and incubated for a further 30 min before
microscopy. For lysosomal staining, the intact cells were loaded for 30 min with
100 nM LysoTracker Red in the culture medium. All dyes were purchased from
Invitrogen.

In another set of experiments, the cerebellar neurons were transiently
transfected on the second day in vitro using Lipofectamine 2000 (Invitrogen)
following the manufacturer's protocol. Briefly, 100 pl of OPTI-MEM®
(Invitrogen) containing 2% Lipofectamine 2000 and 1 pg of cytosolic-green
fluorescent protein DNA (Clontech Laboratories Inc., CA, USA) mixed with
either 1 pg of DNA for Lampl-RFP as the lysosome marker (Sherer et al.,
2003) or mitochondria-targeted pDsRed2 (mtDsRed2, Clontech) was incubated
with ~10° cells in glass bottom dishes (MatTek) for 4 h at 37 °C. On completion
of incubation conditioned culture medium (Eagle's basal medium, Invitrogen)
was added to the cells, and the cells were further grown in humidified 5%
C0O,/95% air at 37 °C. The transfected DNAs were allowed to express and
accumulate their respective proteins in the targeted organelles for 3 days.
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6.1. Three-dimensional analysis of mitochondria

Digital optical sections of 512 x 512 were acquired by a confocal laser scanning
microscope (MRC1024, Bio-Rad, Germany) equipped with an Ar-Kr laser
(excitation wavelengths 488 and 568 nm) and a X100 oil immersion objective
(1.35 numerical aperture, Olympus, Japan). Voxels were collected at 15 nm
lateral and 100 nm axial intervals. Raw images were deconvolved by the
AutoDeblur software package (Media Cybernetics, MD, USA). Isosurface three-
dimensional pictures were generated using the AutoVisualize software package
(AutoQuant Imaging Inc., NY, USA) after binarizing with a fixed 32%
threshold value. The details are given in Safiulina et al. (2006).

To assure the accuracy of this method, software settings were optimized
with green fluorescent microspheres of constant diameter (Molecular Probes
PS-Spec Microscope Point Source Kit, Invitrogen). Beads were first bleached
with a high laser power in order to receive a similar signal to noise ratio as in
mitochondrial preparations, then series of images were recorded with identical
parameter setting as used for mitochondrial images. Figure 2 summarizes the
data restoration process. Parts A and D depict the projections of raw images in
XY and XZ planes and parts B and E show the same images after the data
restoration process. Parts C and F show the axial intensity profiles generated
from these images and part G presents the final three-dimensional (3D)
isosurface picture generated from all slices. The part H shows that the
microsphere parameters provided by manufacturer correspond very well with
those measured using reconstructed images.
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Figure 2. Imaging of subresolution fluorescent microspheres (¢ 175 nm). Parts (A and
D) show maximal XY and XZ projections of raw image series, respectively. Note the
spherical aberration present along the z axis in (D). Parts (B and E) show the maximal
XY and XZ projections of 3D deconvolved image series after correction of spherical
aberration. Parts (C and F) depict the axial intensity profiles generated from these
images before (dotted line) and after (solid line) image restoration. Part (G) shows 3D
isosurface reconstruction of the deconvolved image series (frame size 250 x 250 X 250
nm). Part (H) compares the parameters of microspheres provided by the manufacturer
with parameters measured from reconstructed images. Note that experimentally
determined values correspond well with the manufacturer’s values. (Figure from
Safiulina et al., 2006)

6.2. Quantitative analysis of organelle motility

Organelle motility was measured in intact cultures of cerebellar granule neurons
loaded with MitoTracker Green and Lyso-Tracker Red or expressing Lamp]-
RFP or mtDsRed2, by time course confocal microscopy. The temperature in the
culture medium was kept at 37 °C by a temperature-controlled chamber system,
and images were collected using a 40x or 63x spring objective. The pH of the
culture medium in the chamber was maintained at pH 7.1 with 20 mM HEPES.
The time course analysis was performed using the LaserSharp 2000 software
(Bio-Rad) time course option by recording 30 frames with 5 s intervals for one
time point. Coordinates of randomly chosen mitochondria were recorded by a
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computer and were tracked through the time series. Matrices of the data were
further processed using a Microsoft Excel macro which calculated the
percentage of time spent in motile state, the distance of displacement, maximal
velocity, average velocity, and average velocity in the motile state for each
mitochondrion.

7. Visualization of mitochondria and nuclei
in cardiomyocytes

To visualize themitochondria the cardiomycytes were loaded for 30 min at room
temperature with 200 nM MitoTracker Green. Images were acquired before and
after treatment with various mitochondrial modulators for 10-15 min with a
LSM 510 META Zeiss confocal microscope (Carl Zeiss Inc., Germany)
equipped with Plan-Apochromat 63%/1.4 oil immersion objective using the 488
nm line of an Argon laser for excitation and an LP505 nm filter for detecting
emission.

To measure nuclear volume, the nuclei in saponin-permeabilized cardio-
myocytes were stained with propidium iodide and further analysed by confocal
microscopy. 256 X 256 pixel images were acquired before and after treatment
with various mitochondrial modulators using the 543 nm laser line, and the
emission was monitored using band pass emission filter (BP 563—660 nm).
Voxels were collected at 60—120 nm lateral and 100 nm axial intervals. We
minimized the number of zero or saturated pixels while collecting images. Also,
only the original raw images were 3D deconvolved and reconstructed using the
AutoDeblur and Autovisualize X software package (Media Cybernetics). File
names for the acquired images were then encoded to avoid bias and later all
images were subjected to morphometric analysis. A grid of points was
superimposed on the 2D image sections after what the points that overlaid
fluorescent signals were counted. The nuclear volume was then estimated using
the Cavalieri principle.

For visualization of nuclear membrane the cardiomyocytes were stained for
15-30 min with 1 pM BODIPY®FL glibenclamide at 37 °C and then visualized
using the 488 nm line of an Argon laser for excitation and an LP505 nm filter
for detecting emissions.

8. Intra-reticular [Ca*'] monitoring in permeabilized
cardiomyocytes, GT1-7 and cortical cells

A low-affinity Ca®" indicator Mag-fluo-4 AM (Invitrogen) trapped within the
ER was used to measure luminal free [Ca®']. Plated mouse/rat cardiomyocytes
were loaded with Mag-fluo-4 AM (5 uM) for 45 min at 22 °C, washed with
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indicator-free solution and then permeabilized with saponin (50 pg/ml) for
3 min using basic solution in the absence of Ca*" (as described in section 1.2
Materials and methods). Cover slips with mouse cells were attached to the stage
of a Carl Zeiss LSM-510 confocal microscope with a recording chamber
(Warner Instruments, CT, USA). Images were acquired in line scan mode (at
intervals 3.5 or 7 ms) along the longitudinal axis of the cell. Intra-reticular
[Ca®"] changes in rat cells were monitored by epifluorescence microscopy
(NIKON Eclipse TE300, NIKON Instruments Inc., NY, USA) using a standard
FITC filter set. The SR Ca®*" uptake was monitored at a relatively low extra-
reticular [Ca*"] (32 nM) to avoid too rapid and large Ca*" accumulation in the
SR leading to a saturation of the indicator. All of the experiments were
performed at 22 °C.

To estimate intra-reticular [Ca*'] in GT1-7 and cortical cells in 96-microwell
plates (Nunc) the growth medium was removed and the cells were incubated in
Krebs-Ringer’s solution containing 0.2 mg/ml Pluronic F127 and 5 uM Mag-
fluo-4 AM (from a 5 mM stock in anhydrous DMSO) for 40 min at 37 °C. Cells
were then permeabilized in Ca®*'- free working solution (basic solution for
measuring passive force, described in section 1.1 Materials and methods),
without mitochondrial respiratory substances and containing 50 pg/ml saponin,
for 15 min at 4 °C. After permeabilization the solution was changed to fresh
working solution supplemented with 2 mM NaN; with or without experimental
substance and incubated for 30 min at room temperature in the dark. The ER
Ca™ measurements were performed with FlexStation™ (Molecular Devices,
CA, USA) 475 nm excitation, 495 nm cut-off, and 525 nm emission wave-
lengths at room temperature. The Ca®" was added using an automatic pipettor
and changes in relative fluorescent units (RFU) were recorded for later analysis.

9. Immunohistochemistry

Isolated cardiomyocytes were fixed with 4% paraformaldehyde in phosphate
buffered saline (PBS, 0.1 M, pH 7.4) for 10 min at 37 °C. Cortical cells were
fixed with 4% paraformaldehyde solution in growth media in the presence of
5% sucrose for 10 min at 37 °C. After permeabilization as described above the
cells were blocked by 10% normal goat serum at room temperature for 60 min
and then incubated with primary antibodies at 4 °C overnight. The antibodies
used were as follows: rabbit anti-LETM1 (1:250, Atlas Antibodies AB,
Sweden), rabbit anti-potassium channel SKc, (1:200, Sigma-Aldrich, Germany),
mouse anti-SERCA2 (1:500, Abcam, USA) and goat anti-cytochrome ¢ oxydase
IT (1:150, Santa Cruz Biotechnology Inc., Germany). After washing the cells
were further incubated with respective fluorochrome conjugated secondary
antibodies and examined using confocal microscopy.
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10. Separation of ER fraction

Brain cortex from adult mice were homogenized with teflon-glass homogenizer
in ice in ice-cold isotonic extraction buffer containing (in mM): HEPES 10 (pH
7.8), sucrose 250, EGTA 1, KCI 25 supplemented with 4% protease inhibitor
cocktail (Roche, Germany). Nuclei and cell debris were first removed by
centrifugation at 1,000 x g for 10 min at 4 °C. Remaining supernatants were
then further centrifuged at 12,000 x g for 15 min 4 °C after what the mito-
chondria rich pellet was collected. Remaining supernatant was centrifuged at
55,000 x g for 60 min at 4 °C and pellet containing endoplasmic reticulum
fraction was suspended in isotonic extraction buffer.

For western blotting the material was lysed in buffer containing (in mM):
Tris-Cl 50, ethylenediamine-tetra-acetic acid (EDTA) 1, NaCl 150, Na;VO, 1,
NaF 1, 1% NP-40, 0.25% sodium deoxycholate and 4% protease inhibitor
cocktail (Roche) for 30 min on ice. Equivalent amounts of total protein were
separated by SDS-PAGE on 10% or 12% polyacrylamide gels and then
transferred to Hybond -P PVDF Transfer Membranes (Amersham Biosciences,
UK) in 0.1 M Tris-base, 0.192 M glycine and 10% (w /w) methanol using an
electrophoretic transfer system. Further experiment was performed using SNAP
i.d. Protein Detection System (Millipore, UK) following the manufacturers
guidelines. The membranes were blocked with 0.1% (w/w) Tween-20 in Tris
buffered saline (TBS) containing 0.5% (w / w) non-fat dried milk at room
temperature for 5 min. After blocking, the membranes were incubated 15-30
min with primary antibodies described earlier (chapter 9. Materials and
Methods, antibody dilutions were as follows: anti-LETM1 1:250, anti-
potassium channel SK¢, 1:200, anti-SERCA?2 1:500, anti-cytochrome ¢ oxydase
II 1:150) followed by incubation with appropriate horseradish-peroxidase
(HRP)-conjugated secondary antibody (1:400, Pierce, USA) for 20 min at room
temperature. Immunoreactive bands detected by enhanced chemiluminescence
(ECL, Amersham Biosciences) using medical x-ray film blue (Agfa, Belgium).
The blots probed for proteins of interest were densitometrically analyzed using
a QuantityOne 710 System (Bio-Rad).

I I. Statistical analysis

The values are expressed as mean = SEM. Statistical differences were
determined using one way or repeated measures ANOVA followed by
Bonferroni’s multiple post Zoc test and #-test or the Mann-Whitney test. p<0.05
was accepted as significant in the experiments.
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RESULTS

|I. Mitochondrial swelling impairs the transport
of organelles in cerebellar granule neurons

I.1. Mitochondrial modulators, which affect potassium
cation fluxes, modify the mitochondrial morphology

The first aim was to validate the effect of mitochondrial modulators on
mitochondrial morphology. It has been previously shown that mitochondrial
inhibitors depolarizing the mitochondrial inner membrane considerably increase
the mitochondrial size and that this is associated with impaired mitochondrial
motility (Safiulina et al., 2006). However, compounds inducing mitochondrial
depolarization and swelling also de-energize mitochondria and inhibit the
production of ATP, which might also account for the loss of mitochondrial
motility.

To distinguish between these effects, we decided to use two groups of
mitochondrial inhibitors for the current experiments. The first group containing
valinomycin (potassium-specific transporter facilitating the movement of
potassium ions through lipid membranes “down” an electrochemical potential
gradient (Cammann, 1985) and inducing a massive potassium influx into the
mitochondrial matrix), antimycin (binds to the Qi site of cytochrome ¢ reductase
thereby inhibiting the oxidation of ubiquinol in the electron transport chain of
oxidative phosphorylation (Dairaku et al., 2004)), and high concentrations of
azide (inhibits cytochrome ¢ oxidase together with ATP synthetase (Bowler et
al., 2006 and references therein)), ceases the mitochondrial energy supply to
cytoplasmic consumers and produces mitochondrial swelling due to dissipation
of the mitochondrial membrane potential. The second group of inhibitors,
containing bongkrekic acid (inhibits mitochondrial adenine nucleotide
translocase (Henderson and Lardy, 1970), and thus the ATP transport from the
mitochondrial matrix to the cytoplasm), and oligomycin (inhibits ATP
synthetase (Dairaku et al., 2004)), inhibits mitochondrial energy supply to the
cytoplasm but does not induce mitochondrial swelling. As can be seen from
Figure 3, the inhibitors from the first group, valinomycin, azide and antimycin,
induced marked mitochondrial swelling associated with an increase in
mitochondrial diameter from 200-300 to 400-600 nm. On the other hand, the
inhibitors belonging to the second class, oligomycin and bongkrekic acid, had
no effect on mitochondrial morphology (Fig. 3). Thus, although all inhibitors
block the ATP-generating activity of mitochondria, only depolarizers induce
mitochondrial swelling.

35



Figure 3. The effect of mitochondrial inhibitors on mitochondrial morphology.
3D reconstructions of a MitoTracker Green stained single mitochondrial from control
(A), valinomycin (10 uM, B), azide (25 mM, C), antimycin (100 pM, D), bongkrekic
acid (25 pM, E), or oligomycin (50 pM, F)-treated neurons. Each panel shows a
3D isosurface reconstruction of the deconvolved image series (frame size 2.5 x 1.0 x
1.0 um, 1 x w x h). Note the increase in the maximal diameter of mitochondria treated
with substances that induce membrane depolarizarion (valinomycin, azide, and
antimycin).

1.2. Effect of mitochondrial swelling
on mitochondrial motility

The next question addressed in the study was whether or not the swelling of
mitochondria affects mitochondrial motility in neurons. We measured the
mitochondrial motility in the presence of the different classes of mitochondrial
modulators. Valinomycin, antimycin, and azide, which induce swelling, almost
completely inhibited mitochondrial motility, as demonstrated (Fig. 4) by the
decline in average velocity (average distance travelled per second during motile
and stationary states) as well as by a fall in duty percentage (percentage of time
in the motile state) of individual mitochondria. However, no statistically
significant changes in these motility parameters were observed when we treated
the neurons with bongkrekic acid or oligomycin. These results demonstrate that
inhibition of mitochondrial energy production per se cannot be the cause of
impaired mitochondrial traffic in neuronal processes. The latter event is instead
related to mitochondrial morphology modifications or a drop in mitochondrial
membrane potential (the fact, that mitochondrial membrane potential somehow
regulates its transportation cannot be excluded) (Safiulina et al., 2006).
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Figure 4. Effect of mitochondrial inhibitors on mitochondrial motility. The figure
depicts changes in the average velocity of mitochondria after a 15-min treatment with
valinomycin (10 pM), antimycin (100 pM), azide (25 mM), bongkrekic acid (25 uM)
and oligomycin (50 uM). The control column represents non-treated mitochondria.
Each column summarizes data from 4—5 independent experiments and represents at
least 100 mitochondria. * different from control at p < 0.05, ~ different from control at
p <0.005.

1.3. Effect of mitochondrial swelling on lysosomal motility

To test whether or not mitochondrial swelling could also block the movement of
other organelles, we measured lysosome traffic. Although possibly energy-
dependent, lysosome traffic should be independent of the mitochondrial
membrane potential itself and should only be impaired in the case when swollen
mitochondria mechanically block lysosome passage. The individual experiment
depicted in Figure 5 A and C demonstrates that treatment of neurons with
valinomycin led to a fast, time-dependent inhibition of lysosomal movement,
within a few minutes as estimated by drop in their average speed and duty
percentage. At about 10 min after the beginning of the treatment, lysosomal
movement almost completely ceased. No decrease in the motility of lysosomes
was observed in either control neurons or in bongkrekic acid-treated neurons at
any time point after treatment. Figure 5 B and D, showing summarized data of
independent experiments, demonstrate that compounds inhibiting mitochondrial
movement, valinomycin and azide, inhibited lysosomal movement almost
completely when measured 15 min after the start of the drug treatment. Another
mitochondrial inhibitor, antimycin, also inhibited the lysosomal traffic, although
not as efficiently as the others did. On the other hand, oligomycin (which does
not change the mitochondrial geometry), similarly to bongkrekic acid, exerted
no inhibitory effect. Rather, on the contrary, lysosomal motility tended to
increase in bongkrekic acid-treated neurons. Thus, these data demonstrate that
all mitochondrial modulators which induce mitochondrial swelling also inhibit

37



the organelle transport in the processes of granule neurons and that this effect is
not directly related to mitochondrial energy production.

Several observations from our time lapse imaging of the organelles support
the “traffic jam” hypothesis. Swollen mitochondria are often localized near
lysosomes, and the effect of mitochondrial swelling on lysosome transport is
dependent on the diameter of neurites. Average velocity of lysosomes in thin
processes is almost zero when the culture is treated with valinomycin (10uM),
whereas in thick processes the average velocity is decreased only by about 50%
of the control value (p<0.05 when comparing the thin versus thick neurites).
Thus, these observations suggest that steric hindrance of swollen mitochondria
rather than the mitochondrial membrane potential itself or energy drop could be
the major factor behind the ceased organelle movement.
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Figure 5. Effect of mitochondrial inhibitors on lysosomal motility. (A and C) depict the
data from single experiment where neurons where treated with valinomycin (10 pM,
closed triangles) or bongkrekic acid (50 puM, closed circles) when compared with
untreated control (open circles). The figure shows time-dependent changes in average
velocity (A) and in duty percentage (C) of lysosomes (each data point represents 25-50
lysosomes). (B and D) demonstrate changes in average velocity and in duty percentage
of lysosomes after a 15-min treatment with valinomycin, azide (25 mM), antimycin
(100 uM), bongkrekic acid (25 uM), or oligomycin (50 uM). Each column summarizes
data from 4-5 independent experiments and represents at least 100 lysosomes.
" different from control at p < 0.05, * different from control at p < 0.005.
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2. Swollen mitochondria as sources of intracellular
mechanical signalling

2.1. Passive force as a sensor of compression
of the myofibrillar compartment in cardiac fibres

In order to estimate intracellular compression, we measured the passive force
developed by saponin-permeabilized fibres. The passive characteristics (passive
force and stiffness) of cardiac myofilaments are known to be very sensitive to
mechanical compression associated with a decrease in lattice spacing (Martyn et
al., 2004; Roos and Brady, 1990). We first tested whether or not passive force
responds to compression of the myofibrillar compartment. Figure 6 shows that
after stretching under control conditions, there was an increase in passive force
when permeabilized fibres underwent stepwise lengthening in the presence of
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Figure 6. Effect of 15% dextran on the passive force developed by permeabilized
ventricular fibres. (A and C) Traces of a typical experiment showing the increase in
passive force following fibre stretch. Numbers indicate the percentage augmentation in
fibre length beyond slack length. The first cycle of stretch in the absence of dextran was
followed by a second cycle of stretch in the presence (A) or in the absence (C) of
dextran. (B and D) Plots showing passive force as a function of fibre stretch for the
experiments is shown in (A) and (C), respectively. Note, that panels (B) and (D)
represent results from single experiments.
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15% dextran (osmotic pressure 46 kPa). In contrast, there was no difference in
passive tension when permeabilized fibres underwent two consecutive cycles of
passive stretch under the same control conditions. These results confirm that the
induction of passive force by myofibrillar compression can be used as a sensor
for intracellular tension.

2.2. Swelling of the mitochondrial matrix increases
cardiac fibre passive force

Increase in mitochondrial volume was achieved using ion channel-forming
peptide alamethicin (Bechinger, 1997) or inhibitor of KHE propranolol (also
known to block Ksrp channel on cell membrane (Xie et al., 1998)), which are
known to cause matrix swelling. Confocal microscopy of cardiomyocytes after
incubation with both substances revealed considerable augmentation of
mitochondrial size (Fig. 7 A, B, C and D upper panels). Spaces between the
mitochondria disappeared and distances between mitochondrial rows became
shorter because of the greater volume of the mitochondria. Mitochondrial
volume was measured before and after treatment with propranolol. On the basis
of the 3D images, we estimate that propranolol increased mitochondrial volume
from ~1.88 + 0.16 pm® (n=17) t0 3.04 £ 0.17 um’ (n =17, p < 0.001).

We further studied whether or not such mitochondrial swelling is able to
change the mechanical properties of fibres. We found that incubation of
permeabilized fibres with alamethicin or propranolol indeed significantly
increased passive force. As can be seen in Figure 7, increases in relaxed fibre
length induced a much higher force when the mitochondria were swollen.

In the next series of experiments, we studied the effects of diazoxide, a
mitochondrial ATP-sensitive potassium channel opener known to cause
moderate mitochondrial swelling by inducing potassium accumulation in the
matrix. Diazoxide treatment mainly increased the passive force at moderate
lengths of stretch; at 10% stretch, the force was augmented by 28 + 5%. The
solvent DMSO had no significant effect. On the other hand, 5-HD, a putative
specific inhibitor of ATP-sensitive mitochondrial potassium channels,
completely blocked the effect of diazoxide, confirming the role of channel
opening in mediating diazoxide’s effect on passive force. Altogether, these
experiments show that mitochondrial swelling has a marked impact on the
mechanical properties of cardiomyocytes.
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Figure 7. Effects of drugs
inducing mitochondrial swelling
on passive force development by
permeabilized ventricular fibres.
(A-D) Upper panels—confocal
images of cardiomyocytes before
(A and C) and after addition of
alamethicin (10 pg/mL, B) or
propranolol (1 mM, D). Lower
panels—traces of typical
experiments showing the increase
in passive force following fibre
stretch. Numbers indicate the
percentage augmentation in fibre
length beyond slack length. (E
and F) Plots showing passive
force as a function of fibre stretch
in the presence of alamethicin (E)
or propranolol (F). Note, that
panels (E) and (F) represent
results from single experiments.

2.3. Nuclear volume as a sensor of intracellular
mechanical interactions

In this series of experiments, we estimated to what extent nuclear geometry is
sensitive to intracellular pressure. In order to increase pressure on the nuclear
envelope, we used 70 kDa dextran, which is too large to cross nuclear pores.
Figure 8 A-C is a 3D reconstruction of nuclei showing that significant changes
in nuclear morphology occurred when the concentration of dextran was
increased from 0 to 6% or 15%. Figure 8 D shows that the dextran-induced
increase in osmotic pressure is inversely related to nuclear volume. These
experiments further show that nuclear volume can serve a fine sensor for

detecting intracellular pressure.
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Figure 8. Osmotic pressure compresses nuclei (A-C). Confocal images of nuclei under
different osmotic pressures (A, without dextran; B and C, in the presence of 6 and 15%
dextran, respectively). (D) Calculated nuclear volume as a function of osmotic pressure
in the incubating medium.

2.4. Swelling of the mitochondrial matrix decreases
nuclear volume

We next determined whether or not mitochondria can increase the intracellular
pressure enough to alter nuclear morphology. Figure 9 A—C shows that both
alamethicin and propranolol induced significant mitochondrial swelling that
completely changes the geometry of nuclei. The surface area of sections through
the nuclei was considerably reduced. The normal convex form of the nuclei was
lost due to compression by swollen mitochondria. The 3D reconstructions of
these nuclei (Fig. 9 D-F) demonstrate that this was not only associated with
remodeling of nuclear shape but also with nuclear compression.

Figure 9. Mitochondrial swelling
compresses nuclei. (A—C) Confocal
images of cardiac fibres in control (A) and
in the presence of alamethicin (10 pg/mL,
B) or propranolol (500 uM, C). (D-F) 3D
images of nuclei in control (D) and in the
presence of alamethicin (E) or propranolol
(F). Arrows indicate sites of deformation
produced by swollen mitochondria.

In the next series of experiments, we studied the effects of more moderate
mitochondrial swelling induced by two drugs which cause potassium
accumulation in the matrix: valinomycin and diazoxide. Nuclear volume was
calculated using 3D reconstructed confocal images, allowing us to precisely
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estimate nuclear volume before and after incubation in the presence of the
drugs. The pressure that induced nuclear compression was calculated using a
calibration curve obtained with dextran. Figure 10 A, B shows that incubation
of permeabilized cardiomyocytes with both substances (separately) led to a
significant reduction in nuclear volume (by 12 £ 2%). Importantly, 5-HD, a
putative specific inhibitor of Katp, completely blocked the effect of diazoxide
(Fig. 10 B). Figure 10 C and D shows that the pressures exerted on the nucleus
in the presence of valinomycin or diazoxide are approximately 2 kPa. In order
to exclude the possibility that this decrease was due to the inhibition of
mitochondrial ATP-generating activity, we treated permeabilized cells with
bongkrekic acid, an adenine nucleotide translocator blocker that does not alter
matrix volume (Kaasik et al., 2004; Safiulina et al., 2006). Inhibition of ADP
phosphorylation without mitochondrial swelling did not change the nuclear
volume (Fig. 10 A).
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Figure 10.  Valinomycin  and
diazoxide decrease nuclear volume.

c D (A) Effect of 10 uM valinomycin
5. 2 pe00s on nuclear volume where 25 pM
bongkrekic acid was used as a
T oo 7 2 negative control. (B) Effect of 150
N = puM diazoxide and 150 uM 5-HD on
Z 14 Z 1 / nuclear volume. (C and D)
£ 2 / Calculated pressure exerted on
0 0 /] nuclei in the presence of
DMSO DIAZ DIAZ+5HD . . . -
valinomycin (C) or diazoxide (D).

3. Endoplasmic reticulum potassium and
proton fluxes govern SR/ER calcium uptake

3.1. Potassium is required for ER calcium uptake

It is well known that SERCA activity is regulated by some ER membrane
proteins (phospholamban or sarcolipin), by its substrates and products (beside
Ca®" itself also the ATP/ADP ratio close to its vicinity) and by counter-ion
movements, as well. The aim of the following experiments was to clarify
whether or not and to what extent could ER potassium and proton fluxes control
ER Ca*" uptake.
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ER Ca*" uptake was measured in two different preparations using two
independent methods: in saponin permeabilized immortalized hypothalamic
neurons (GT1-7 neurons) and primary cortical neurons using the Mag-fluo-4
AM fluorescent indicator and in permeabilized cardiac fibres using caffeine-
induced calcium release method. To study the relevance of potassium ions in
Ca™ uptake we first completely replaced the potassium ions in the uptake
solution with sodium ions or with tetraecthylammonium ions (TEA"), also
known to block potassium channels non-selectively. Both forms of replacement
led to the strong inhibition of Ca®" uptake in GT1-7 neurons (Fig. 11 A, B).
Replacement of potassium with TEA" also inhibited SR Ca®" uptake in
permeabilized cardiac fibres (Fig. 11 C). Thus, we can conclude that potassium
is essential for ER Ca®" uptake.
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Figure 11. Replacement of K with Na" or TEA" inhibit in situ ER Ca®" uptake. (A and
B) Time course of luminal Ca®"-dependent fluorescence after Ca>* addition (left panels)
and mean values of maximal fluorescence (right panels) in GT1-7 neurons in the
presence of Na“ (A) or TEA" (B) as compared with control conditions (ctrl) in the
presence of physiological K’ concentrations. (C) Force transients in ventricular
permeabilized fibres elicited by 5 mM caffeine after 5 minutes of SR Ca" loading in the
presence of K" or TEA" (left panels) and mean values of tension-time integrals (right
panels).

3.2. K., but not K,;; channels are involved
in ER calcium uptake

In order to find out which potassium channels are required for proper ER Ca**
uptake, we studied the effects inhibitors of different potassium channels had on
ER Ca®' uptake. Inhibitors of Katp channels, 5-HD and glimepiride did not
show any effect on ER Ca®" uptake in GT1-7 neurons (Fig. 12), primary cortical
neurons and cardiac fibres (data not shown). Note no effect was observed when
activators of Karp channels, diazoxide and pinacidil were used either.
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Figure 12. Inhibitors of K4rp channels, 5-HD (100 uM, A) and glimepiride (50 uM, B),
as well as K,rp channel openers pinacidil (200 uM, C) and diazoxide (150 pM, D) had
no effect on ER Ca*" uptake in GT1-7 neurons. Time course of luminal Ca>*-dependent
fluorescence after Ca>* addition (left panels) and mean values of maximal fluorescence
(right panels) are shown.

On the other hand, inhibitors of SK¢, channels, UCL 1684 and dequalinium,
inhibited ER Ca®" uptake in all preparation: GT1-7 neurons, primary cortical
neurons and cardiac fibres as shown in Figure 13. Charybdotoxin (200nM, an
inhibitor of BKc, channels) and TRAM 34 (10 uM, an inhibitor of IKc,
channels) had no inhibitory effect on GT1-7 cells. Furthermore, activators of
SKc, channels, DC-EBIO (50 uM) and NS 309 (50 puM), had no strong effect
on Ca®" uptake (data not shown). This data suggest that SK¢, but not Karp
channels control the potassium fluxes required for efficient ER Ca*" uptake.
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Figure 13. Inhibitors of SKc, channels, UCL 1684 (50 uM) and dequalinum (100 pM)
inhibit ER Ca®" uptake. Time course of luminal Ca**-dependent fluorescence after Ca*"
addition (left panels) and mean values of maximal fluorescence (right panels) in GT1-7
neurons (A, D) or in primary cortical neurons (B,E) in the presence of UCL 1684 (A
and B) or dequalinum (D and E) as compared with control conditions (ctrl). Force
transients in ventricular permeabilized fibres elicited by 5 mM caffeine after 5 minutes
of SR Ca®" loading in the presence of UCL 1684 (C) or dequalinum (F) (left panels) and
mean values of tension-time integrals (right panels).
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3.3. KHE is involved in ER calcium uptake

ER cation fluxes could be also governed by KHE or NHE. In order to study the
role of these exchangers, we investigated the effects of KHE inhibitors,
propranolol and quinine, as well as a NHE inhibitor, cariporide, on ER Ca*"
uptake. Propranolol and quinine, but not cariporide, blocked ER Ca*" uptake
(Fig. 14). It is also interesting to note that in the cardiac fibres we were able to
partially reverse the blocking effect of propranolol with an externally added
KHE exchanger, nigericin (Fig. 14 D). Thus, KHE is involved in the regulation
of ER Cai: uptake.
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Figure 14. Propranolol (500 uM) inhibited ER Ca®" uptake in GT1-7 neurons (A),
primary cortical neurons (B) and cardiac fibers (C). The inhibitory effect of propranolol
on cardiac fibres was reversed by nigericin (30 uM, D). Quinine (500 uM, E), but not
cariporide (50 uM, F), had an inhibitory effect on GT1-7 neurons.

3.4. SK, channels and KHE are expressed in ER

Our next aim was to test whether or not abovementioned potassium channels, as
well as KHE, are present in ER membranes. The K,rp channels were visualized
using a green fluorescent probe BODIPY®FL glibenclamide and the SKc,
channels with a specific antibody. The ER was visualized using fluorescent
thapsigargin which is able to bind to SERCA in living cells or the antibody
against SERCA2. As shown (Fig. 15), both Karp and SK¢, channels are located
also intracellularly in primary cortical neurons. The SKc, channels and in lesser
extent Karp channels are colocalizing with the ER marker. Moreover, also 3D
analysis of colocalizations demonstrated that SK¢, channels had also intra-
cellular location. SK¢, channels are showed reticular like staining in cardio-
myocytes (Fig. 16) and they were also present in the purified ER fraction, as
demonstrated by Western blot analysis (Fig. 17).
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Figure 15. Imaging of SK, and Katp channels and LETM1 in cortical neurons. Panel
(A) demonstrates that antibody stainings of SK¢, and anti-LETM1 but not K,rp staining
(glibenclamide-BODIPY®FL) colocalize with the ER marker (anti-SERCA?2). Panel
(B) shows that SK¢, and LETM1 do not colocalize with mitochondria (mitochondrial
pDsRed2).

Figure 16. Imaging of SKc, and Ktp channels and LETM 1 in cardiomyocytes. Panel
(A) demonstrates the mitochondrial signal (Mitotracker Green, zoom in B), (C)
T-tubules (DiOC16) and (D) sarcoplasmic reticulum marker (anti-SERCA2, zoom in
E). The antibody staining pattern of SK¢, (panel F and zoom in G) cannot be attributed
only to mitochondria or T-tubules but mostly to sarcoplasmic reticulum. Kurp signal
(glibenclamide BODIPY®FL) is mostly mitochondrial (H and zoom in I) and antibody
staining of LETM 1 is mostly from the sarcoplasmic reticulum (J and zoom in K).
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It has been recently shown that mitochondrial KHE is coded by the LETM1
gene. LETM1 has N-terminal mitochondrial targeting sequence but also an
endoplasmic reticulum membrane sequence site in its C-terminus. We therefore
checked the localization of LETM1 using a specific antibody. As demonstrated
in Figures 15 and 16 LETMI1 was colocalized with the ER in both cortical
neurons and cardiomyocytes and LETM1 was also present in the purified ER
fraction, as demonstrated by Western blot (Fig. 17).
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Figure 17. Western blot analysis showing the presence of SK¢, (line 1) and LETM1
(line 2) in the ER fraction purified from the brain. Note that the ER fraction is rich in
SERCA2 (line 3) but free of mitochondrial contamination of cytochrome ¢ oxidase (line
4 and line 5 where the mitochondria-enriched fraction was used as a positive control).

4. Energetic state is a strong regulator
of SR calcium loss in cardiac muscle: different
efficiencies of different energy sources

4.1. Demonstration of SR calcium loss in situ

This part of the work started with a series of experiments aimed at finding out
whetheror not SR Ca®" loss exists under conditions of a high intra/extrareticular
Ca’" gradient in situ. Existence of Ca’" loss from the SR was tested using intra-
reticular [Ca®"] monitoring of permeabilized cardiomyocytes loaded with the
Ca”" sensitive dye Mag-fluo-4 AM. Incubation of cardiomyocytes at 32 nM
Ca”" induced an accumulation of Ca®" in the SR while removal of Ca®" from the
external medium led to a rapid decrease in intrareticular [Ca®], which proved
the existence of a Ca*" leak. This leak was significantly accelerated if the
energy supply was reduced by withdrawing phosphocreatine, e.g changing the
local energetic conditions.

In the next series of experiments, the time course of the decrease in the
amount of releasable Ca®" in permeabilized cardiac fibres was investigated. The
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protocol is shown in Figure 1. The SR in permeabilized mouse ventricular fibres
was loaded at 316 nM Ca”" for 5 min under optimal energetic conditions, i.e. in
the presence of 12 mM PCr (to activate the creatine kinase supported ATP
supply) and activated mitochondria. Afterwards, Ca*" was washed out with the
leak solution for 30 s, also under optimal energetic conditions, and then the
fibres were incubated for 1 min in release solution (in order to wash out the
high levels of EGTA). Finally, 5 mM caffeine was applied to induce release of
the sequestered Ca*", which elicited a relatively high tension transient (Fig. 18
A). Peak tension was about 75% of the maximum Ca*"-induced force. However,
as the duration of incubation in leak solution increased, the caffeine-induced
tension transient progressively declined (Fig. 18 A). This was not related to a
run-down of the fibre state because at the end of the experiment the tension
transient was still as high as it was at the beginning. Thus, in permeabilized
fibres in the absence of extra-reticular Ca>", the SR in situ progressively loses
internal Ca®".

It has previously been shown that in the absence of both active creatine
kinase (CK) and mitochondrial function, “cytosolic” ATP, even at a high
concentration, is a poor substrate for cellular ATPases. Here, under the same
energetic conditions, i.e. with ATP as the sole energy source we found that the
Ca”" leak was markedly increased. Figure 18 B shows that when the energy
support is compromised, 5 min incubation in the absence of Ca>" leads to an
almost complete exhaustion of intra-SR releasable Ca*".

Figure 18 C shows the Ca**-time integral values (SCa) for caffeine-induced
transients normalized to the maximal SCa values obtained after the shortest
duration of leak (30s) for the same fibre. It can be seen that in the absence of
mitochondrial and CK support, SR loses Ca*" about two fold faster than under
optimal energetic conditions. Thus, altogether these data suggest that Ca** loss
from the SR depends on the energetic condition.
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Figure 18. Evidence for energy-dependent SR Ca*" loss. (A and B) Force transients
elicited by 5 mM caffeine after 5 minutes of SR Ca’" loading under optimal energetic
conditions followed by 30-300 s incubation in leak solution. Note that each cycle was
preceded by standard SR Ca" loading under optimal energetic conditions. (A) Leak
solution contained 3.16 mM MgATP + 12 mM PCr in the absence of mitochondrial
inhibitor (PCr + MITO, optimal energetic conditions). (B) Leak solution contained 3.16
mM MgATP in the absence of PCr and in the presence of 2 mM NaNj to inhibit
mitochondria (ATP only). (C) Calcium-time integrals (SCa) for caffeine-induced
transients in the presence of PCr and working mitochondria (optimal energetic
conditions, filled circles, n=4) or ATP alone (open circles, n=3). For each fibre, SCa
values were normalized to SCa obtained after the shortest (30 s) leak Experimental
points were fitted using a monoexponential decay function. * p<0.05, ** p< 0.01
between two conditions, ¢-test.

4.2. Effects of the SERCA and RyR inhibitors

There are two hypothetical pathways by which Ca®" loss from the SR may
occur: a passive leak via the RyR and a Ca*" pump-mediated backward flux. To
determine the relative contribution of each, we studied the effects of SERCA
and RyR inhibitors on Ca®" loss.

As already shown, the SR looses almost all of its Ca*" after 5 min incubation
in leak solution without CK and mitochondrial energetic support. Adding the
inhibitors of SERCA, CPA and TBQ, into the leak solution (where the only
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energetic support was “cytosolic” ATP) increased the caffeine-induced force
transient after 5 min incubation without Ca*" largely (Fig. 19). We estimated the
amount of released Ca”" after incubation in the leak solution by normalizing the
[Ca®"] -time integral of the caffeine-induced transient to the maximal [Ca*'] -
time integral obtained after the shortest (30 s) incubation of the same fibre.
Figure 19 C shows that 5 min incubation without Ca*" led to the loss of about
90% of the SR calcium, whereas after Ca®" pump inhibition by CPA, the SR
still retained about 50% of its initial calcium content. It should be noted that
both, CPA and TBQ, were unable to completely inhibit SERCA under our
experimental conditions, which could explain their limited efficiency in the
inhibition of SR Ca®" loss.
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Figure 19. Inhibition of the Ca’" pump decreases SR Ca®" loss. (A and B) Force
transients elicited by 5 mM caffeine after different leak protocols. The same fibres were
subjected to consecutive cycles of 5 min SR Ca®" loading, each followed by incubation
in leak solution for various durations — 30 s, 300 s, or 300 s, with or without CPA (150
uM, A) or TBQ (10 uM, B) in the presence of ATP only. Inserts depict force transients
elicited by caffeine just after 5 min SR Ca®" loading in the presence or absence CPA or
TBQ. (C and D) Normalized SCa values of caffeine-induced transients for CPA (C) or
TBQ (D). ** p<0.01, *** p<0.001 (n =3 for CPA experiments, n=4 for TBQ
experiments) vs SCa obtained after 30s incubation in leak solution (taken as 100%). $
p<0.05 vs normalized SCa in the absence of SERCA inhibitors.
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In the next series of experiments (Fig. 20), we asked whether RyR inhibition
was able to ‘rescue’ intra-SR calcium. After SR loading, the fibres were
incubated in leak solution in the presence of 1 mM tetracaine, a blocker of the
RyR. As for other series, this incubation was followed by a 1 min exposure to
release solution in order to wash out the high EGTA concentration. This
solution did not contain tetracaine, thus this compound was withdrawn before
caffeine challenge. We found that tetracaine was not able to block Ca®" leak
such that there was insufficient intra-SR Ca®" to produce a caffeine-induced
force transient (Fig. 20 A). Averaged, normalized Ca*'-time integral values for
caffeine-induced transients (Fig. 20 C) show the inability of tetracaine to inhibit
Ca®" leak in the absence of extra-reticular calcium. In presence of mitochondrial
Ca”" uniporter ruthenium red (RR) that has been shown to inhibit also RyR (Xu
et al., 1999) Ca*" loss was not inhibited (Fig. 20 B and D).
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Figure 20. RyR inhibition does not influence SR Ca*" leak. (A and B) Force transients
elicited by 5 mM caffeine after different leak protocols. The same fibres were subjected
to cycles of 5 min SR Ca”" loading, each followed by incubation in leak solution for
various durations — 30 s, 300 s, or 300 s, with or without tetracaine (I mM, A) or RR
(10 uM, B) in the presence of ATP only. The last tension transient was obtained in the
same fibres in the absence of tetracaine or RR to verify that no run-down of the fibres
had occured. Insert to panel (A) shows that 1 mM tetracaine added to release solution
blocks Ca®" release elicited by 2 mM caffeine (positive control). Note that RR was
added after eliciting caffeine-induced transients in the absence of RR and then was
continuously present in all solutions. Normalized SCa values of caffeine-induced
transients for tetracaine (C) or RR (D). ** p<0.01, *** p<0.001 (n =3 for each series)
vs SCa obtained after 30s incubation in leak solution (taken as 100%).
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4.3. Efficiency of different energy sources in inhibiting
the backward SR calcium leak

Five different energetic pathways, to inhibit Ca** leak via SERCA in a Ca*'-free
medium, were compared. These pathways were: (I) ATP only, (II) glycolytic
support; (III) mitochondrial support; (IV) CK support, and (V) optimal
energetic conditions (mitochondrial and CK support). Caffeine-induced
[Ca®"]-time integrals recorded after 5 min incubation of the permeabilized fibres
in the leak solution were normalized to corresponding values obtained in the
same fibre under optimal energetic conditions (Fig. 21). The efficacy of
“cytosolic” ATP and the production of ATP by endogenous glycolytic enzymes
bound to intracellular structures in inhibiting the Ca®" leak were very low.
Working mitochondria inhibited the backward SR Ca®" leak three to four times
more than exogenous ATP as the only energy source. Interestingly, the
CK-mediated inhibition of the Ca*" backward flux was markedly more efficient
than with ATP alone or with glycolytic support, but it was significantly less
efficient than the effect of mitochondrial activity although the differences
between the CK and mitochondrial energetic supports did not reach statistical
significance. Taken altogether, these data show that different energy sources
have very different capacities for inhibiting the Ca>" pump-mediated Ca®" leak.

Qualitatively similar results were obtained in the experiments on isolated
cardiomyocytes where intra-reticular [Ca’’] was monitored using the
fluorescent indicator Mag-fluo-4 AM (for more detailed information, see in
publication number 2 “Energetic state is a strong regulator of sarcoplasmic
reticulum Ca®" loss in cardiac muscle: different efficiencies of different energy
sources”).

According to the fact that although RyR openings are induced by cytosolic
Ca*™ but our leak experiments were made in the presence of a high
concentration of Ca®" buffer and in the virtual absence of cytosolic Ca**, which
might have influenced our results, we performed additional experiments in
order to determine whether or not the Ca®" loss was also energy-dependent at a
physiological Ca®" concentration. Therefore, after loading the fibres they were
incubated in the leak solution at [Ca*'] 316 nM, which is close to the
physiological concentration, under different energetic conditions: in optimal
energetic conditions (in the presence of PCr, external ATP and working
mitochondria) and in the weakest energetic conditions (external ATP only) in
leak solution. Experiments were performed in the presence or absence of
tetracaine (blocker of RyR) in order to distinguish the leak through RyR. An
important role of the backward Ca*" flux in SR Ca®" loss at a low intracellular
[Ca®"] was revealed.

Altogether these results show that at low extra-reticular Ca*" concentration,
the backward SR flux strongly depends on the energy state of the cell and the
main inhibitor of this Ca*" loss is energy channeling between the mitochondria
and SERCA rather than CK-catalyzed energy support.
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Figure 21. Different effects of various energetic conditions on SR Ca®* loss via the
Ca”" pump. All solutions contained 3.16 mM MgATP. Energetic conditions were:
12 mM PCr and activated mitochondria (PCr + MITO; optimal conditions); 12 mM PCr
and inhibited mitochondria (PCr); activated mitochondria (MITO); glycolytic
intermediates and NAD (Gly); ATP alone (ATP). (A) Force transients elicited by 5 mM
caffeine after 5 minutes of SR Ca*" loading under optimal energetic conditions followed
by 30 or 300 s incubation in /eak solution under various energetic conditions. (B)
Calculated [Ca*']-time integrals after 300 s incubation in leak solution under various
energetic conditions normalized to corresponding values obtained under optimal
energetic conditions (PCr+MITO). *** p<0.001 (n = 12-23) vs optimal energetic
conditions taken as 100%. $$ p<0.01, $$$ p<0.001 vs PCr.
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DISCUSSION

I. Cation fluxes to the mitochondria induce
mitochondrial swelling and affect cellular functions

Mitochondrial volume homeostasis is a housekeeping cellular function essential
for maintaining the structural integrity of the organelle. Changes in mito-
chondrial volume have been associated with a wide range of important
biological functions and pathologies. Mitochondrial matrix volume is controlled
by the osmotic balance between the cytosol and mitochondria. Any imbalance
in the fluxes of the main intracellular ion, potassium, will thus affect the
osmotic balance between cytosol and the matrix and promote water movement
between these two compartments (Kaasik et al., 2007). Here, we concentrated
on the potential effects of mitochondrial swelling on the functioning of two
different types of excitable cells, neurons and cardiomyocytes. The organization
and the dynamics of mitochondria in these cell types are very different. In
neurons, the mitochondria are highly motile, moving from the neuronal body to
the periphery and back through relatively tiny axonal shafts (Chada and
Hollenbeck, 2003; Nekrasova et al., 2007; Reis et al., 2009; Yi et al., 2004).
The opposite situation is found in cardiomyocytes, where stationary
mitochondria are tightly packed and occupy a significant part of the intracellular
volume. Here, we demonstrated that in both cases mitochondrial swelling could
induce mechanical interactions with neighbouring structures and affect the cell
function.

I.1. Mitochondrial swelling impaires organelle trafficking
in neurons

The length, complexity, and slenderness of neuronal processes coupled with the
amount of material that must be transported makes axonal transport vulnerable
to any kind of perturbation. Therefore, traffic jams are thought to be involved in
the pathogenesis of several neurodegenerative diseases. Indeed, abnormalities in
axonal transport have been demonstrated in models of amyotrophic lateral
sclerosis (Collard et al., 1995; Munoz et al., 1988; Rouleau et al., 1996;
Williamson and Cleveland, 1999; Zhang et al., 1997), several models of
polyglutamine disease (Katsuno et al., 2006) as well as in paraplegia and drug-
induced neuropathies (Ferreirinha ef al., 2004).

We propose that size and morphology of the transported cargo are also
relevant for seamless axonal transport, and we speculate that mitochondrial
swelling could be one of the reasons for impaired organelle transport in
neuronal processes. Current data demonstrate that mitochondrial swellers
increasing the diameter and volume of mitochondria inhibit mitochondrial as
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well as lysosomal traffic; all conditions leading to the inhibition of organelle
transport in processes also lead to a parallel increase in mitochondrial diameter.
In all cases, mitochondrial diameter increased from around 200 to 400—600 nm,
which is larger than the average diameter of processes, which is around 200-
300 nm. We clearly demonstrated that this inhibition is not related to the
cessation of mitochondrial ATP production as proposed earlier (Miller and
Sheetz, 2006; Rintoul ef al., 2003; Safiulina et al., 2006); bongkrekic acid and
oligomycin, which inhibit ATP transport from the mitochondrial matrix to the
cytosol and mitochondrial ATP synthetase, respectively, had no effect on
mitochondrial or lysosomal traffic. The absence of their effect could be
explained by earlier data demonstrating that glycolysis can support the function
of cerebellar granule cells in vitro (Budd and Nicholls, 1996), and by the
observations that molecular motors responsible for mitochondrial traffic have a
relatively high affinity to ATP (Hollenbeck, 1996). It is also unlikely that
mitochondrial depolarization per se induced by swellers could affect axonal
traffic. The mitochondrial membrane potential could modify mitochondrial
binding to the motor proteins or motor protein activity, but not lysosomal traffic
directly. It is therefore most tempting to speculate that swollen mitochondria
physically block the passage of other sized organelles in neurites, and thus,
inhibit axonal organelle traffic. Several observations support this hypothesis;
swollen mitochondria tend to block mitochondrial movement, and this
interaction seemed to be less evident in larger neurites.

1.2. Mitochondrial swelling increases passive force and leads
to nuclear compression in cardiomyocytes

This study is the first to demonstrate that densely packed cells such as
cardiomyocytes are able to rapidly generate an internal pressure which can
mechanically affect morphological as well as functional properties of
intracellular organelles. The study of mechano-transduction has historically
focused on how externally applied forces can affect cell signalling and function.
However, a growing body of evidence suggests that the forces generated
internally are as important in regulating cell behaviour (Wozniak and Chen,
2009). Here, we identify a novel source of intracellular force: the mitochondria.

Using nuclear volume and passive tension as intracellular force sensors, we
have been able to show that dramatic intracellular forces are generated by
swollen mitochondria in cardiomyocytes. Given the tight packing of organelles
and myofibrils in cardiomyocytes, the significant volume occupied by
mitochondria (32—45%) of cell volume in adult mouse cardiomyocytes), and the
extremely low free cytosolic volume (around 4-7% of the cell volume), any
increase in mitochondrial mass will automatically be at the expense of the
volume of other compartments (Ventura-Clapier et al., 2008 and references
therein). The physical constraints of cardiomyocytes also make large increases
in the volume of subcellular structures impossible.
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The myofilaments and nuclei are perhaps the most likely structures to
respond to increased intracellular pressure. Indeed, the myofibrillar compart-
ment is known to be rather compressible. Osmotic compression, for example,
caused by a weak increase in 500 kDa dextran concentration, decreases the
cardiac myofibrillar lattice spacing by about 20% (Farman ef a/., 2006).

The distance between thick and thin filaments is suggested to be an
important determinant of active and passive tension. As myosin and actin
filaments come closer together, both myofilament Ca®" sensitivity (Farman et
al., 2006; Harrison et al., 1988; Wang and Fuchs , 1995) and maximal Ca’'-
induced tension (Fukuda et al., 2001) increase. This could be explained by the
hypothesis that the number of strong-binding cross-bridges that are formed is
directly related to the proximity of myosin heads to the binding sites on actin
(Yagi et al., 2004). However, compression of the myofibrillar compartment is
also able to increase a calcium-independent force rigor tension (Kaasik et al.,
2004), as well as passive tension (Martyn et al., 2004; Roos and Brady, 1990).
In addition, the distance between protein filaments can affect the probability of
weak cross-bridges forming, thus modulating the passive characteristics of
cardiac muscle (Martyn et al., 2004) and titin-based passive force (Cazorla et
al., 2001). In summary, compression of the myofibrillar compartment might be
a factor that modulates both the contractility and passive characteristics of the
myocardium. Our results suggest that increases in mitochondrial volume could
induce a marked reduction in lattice spacing and a concomitant increase in
passive force.

One may speculate that the mechanism we describe could link mitochondrial
swelling to the increased passive force observed in an ischaemic myocardium.
The contractile properties of myofibrils are very sensitive to rapid metabolic
changes occurring in the cytosol, such as changes in pH and the concentration
of inorganic phosphate and adenine nucleotides. For example, in ischaemia such
metabolic changes inhibit active force generation and elevate passive force and
myocardial stiffness. Also, mitochondrial volume, which is regulated by an
electrochemical potential-sensitive ionic flux across the inner mitochondrial
membrane, seems to be increased under ischaemic conditions. As a con-
sequence, swollen mitochondria may compress the neighbouring myofilaments,
thus increasing both passive force/stiffness and active force in the ischaemic
myocardium without increasing energy expenditure. This could be an important
adaptive mechanism under conditions in which the contractile force is depressed
due to the cytosolic accumulation of protons and inorganic phosphate.
Alternative explanation for increase in passive stiffness during ischaemia could
be related with energy deficiency and formation of rigor tension.

In the present work, we also showed that mitochondria are able to
mechanically compress the nucleus and to change its geometry. Such an effect
is not trivial, because the nucleus is the stiffest cell organelle (Caille et al.,
2002; Dahl et al., 2008). It is therefore surprising that mitochondrial swelling
induced by alamethicin and propranolol leads to a drastic modification of
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nuclear shape. The mitochondria were able to completely change the usual, oval
geometry of the nuclei, thus revealing the existence of a great potential force
arising from the interior of the cell.

Although we saw significant nuclear deformation when mitochondria were
considerably swollen, even with the moderate swelling induced by valinomycin
and diazoxide, which was difficult to visualize using confocal microscopy,
nuclear compression was observed. Since the volume of the nuclear envelope
was not augmented, it can be concluded that the volume of the nuclear interior
of the nucleus was reduced as a result of mitochondrial swelling.

A question of great importance is how the modulation of nuclear shape by
mechanical signalling influences cell function. For many mechano-transduction
events, the downstream cellular pathways of force-sensed gene transcription are
well characterized (for a review, see Dahl et al., 2008). Various mechanisms
have been proposed to explain how the forces that affect nuclear shape
modulate gene transcription. Inside the nucleus, such forces could result in
conformational changes to the DNA double helix or the higher-order chromatin
structure, which could then lead to changes in transcriptional activity. Force can
induce remodelling and disassembly of the macromolecules, thus influencing
transcriptional processes (for a review, see Zlatanova and Leuba, 2002; Marko
and Poirier, 2003). In addition to the direct effects of force on DNA structure,
nuclear deformation could also result in the large-scale reorganization of genes
within the nucleus (Dahl et al., 2008). Mechanical stress may also have an
impact on nuclear transport processes since it has been shown that nuclear pore
complexes function in a mechanically sensitive manner (Wolf and Mofrad,
2008).

In this work we have demonstrated that diazoxide, an opener of
mitochondrial Karp channels, induces significant compression of nuclei. It is
well known that diazoxide exerts a cardioprotective action by mimicking the
infarct size-limiting effect of preconditioning, i.e. by increasing the resistance to
ischaemia. Such resistance needs time to be developed after diazoxide
administration, and it is abolished by 5-HD, a putative blocker of K,rp channels
(for a review, see O'Rourke, 2004). The mechanism of the post-ischaemic
protection induced by diazoxide remains unclear, but most hypotheses propose
that modulation of mitochondria via Katp channel opening is a triggering signal.
Interestingly, various drugs inducing mitochondrial matrix swelling elicit
cardioprotection (Juhaszova et al., 2004; O'Rourke, 2004). It is tempting to
speculate that nuclear compression caused by diazoxide-induced mitochondrial
swelling might somehow modulate nuclear function, involving the activation of
cellular cascade(s) that lead to increased cardiac resistance to ischaemic stress.
This speculation is supported by our observation that 5-HD, which usually
antagonizes the protective effect of diazoxide, is able to completely abolish
diazoxide-induced nuclear compression.

It is possible that changes in mitochondrial geometry within cardiomyocytes
influence not only the myofibrils and nuclei but also other organelles. As an
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example, mechanical signals may displace the internal junctions between the SR
and T-tubules which are responsible for functional interactions between
dihydropyridine and ryanodine receptors, or they may displace the structural
contacts between the SR and mitochondria which are involved in the control of
Ca®" homeostasis, excitation—contraction coupling, and the regulation of
adenine nucleotide channelling.

In conclusion, we have shown that in the cardiomyocyte in sifu, mito-
chondria represent a source of significant internal force production. The force
they can exert is able to compress both myofibrillar and nuclear compartments.
This suggests a potential role for mitochondrial swelling in the regulation of
myofilament and nuclear functions by internal mechanical signalling.

2. ER calcium fluxes are modulated by monovalent
cations and cellular energetic state

2.1. ER potassium fluxes control ER calcium uptake

Our work i1s the first to demonstrate that KHE and SKc, reside in the ER
membrane and that their activity is a perquisite for ER Ca*" uptake.

The KHE was previously earlier found on the inner mitochondrial membrane
where it allows intramitochondrial potassium to exchange with extra-
mitochondrial protons. It has been shown that this is essential for controlling
mitochondrial volume and that its inhibition leads to extreme mitochondrial
swelling (Dimmer et al 2008; Kaasik et al., 2004; Nowikovsky et al., 2004;
Safiulina et al., 2006). KHE is coded by the LETMI gene and is considered to
reside only in the mitochondrial inner membrane (Froschauer et al., 2005;
McQuibban et al., 2010; Nowikovsky et al., 2004). However, in addition to its
N-terminal mitochondrial targeting sequence, LETM1 has the ER membrane
retention signal AEVK in its C-terminus. Indeed, our immunohistochemical
experiments with the LETM1-specific antibody demonstrated its colocalization
with the ER in neurons, and a clear ER resembling localization in cardio-
myocytes. Moreover, high LETM1 levels were detected from the purified ER
fraction.

Our results also demonstrated that ER KHE activity is required for ER Ca*"
uptake. Inhibition of the KHE exchanger in permeabilized neurons or cardiac
fibres by propranolol or quinine completely inhibited ER Ca*" uptake.

What could be the physiological relevance of KHE of ER membrane? The
SERCA acts as an antiporter: for every two Ca*" ions pumped to the ER two to
three protons from the ER lumen are released into the cytoplasm (Levy ef al.,
1990). In addition, the influx of chloride counter-ions through CIC chloride
channels will lead to proton extrusion from the ER lumen (Jentsch, 2007,
Picollo and Pusch, 2005; Plans et al., 2009; Scheel et al., 2005). Without proton
re-entry into the ER lumen this would alkalize the ER lumen and block SERCA
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activity (Peinelt and Apell, 2002). Our experiments strongly suggest that
protons could re-enter the ER lumen through the KHE.

Our second finding is that SK¢, channels are localized in the ER membrane
and participate in ER Ca*" uptake. The SK¢, channel subfamily contains four
members - SK1-4 (or KCNN1-4) (Joiner et al., 1997). Although they were only
found in the plasma membrane (Dai et al., 2009; Maylie et al., 2004), some of
SKc, channels proteins have ER membrane retention signals in their N-terminus
that could target them to ER membrane. However, to the best of our knowledge,
there is currently no data concerning their intracellular localization and our
report is the first to demonstrate this. Using an antibody recognizing the SK1-3
channels, we showed that SK¢, channels colocalize with the ER marker in neu-
rons and that their localization resembles the SR membrane in cardiomyocytes.

In the plasma membrane, activation of SKc, channels by a rise in
intracellular Ca>" favours the outward K' current and hyperpolarization of the
membrane. Therefore, it could be presumed that a rise in intracellular Ca** will
also activate ER SK¢, channels and the K current from the cytoplasm to the ER
lumen. It also seems that these K' fluxes are relevant for ER Ca®" uptake. Our
results demonstrate that two selective non-peptidic SK¢, channel blockers,
dequalinium and UCL 1684, partially inhibit ER Ca®" uptake in neurons and
completely inhibit this in cardiac fibres. This suggests that SK¢, channels serve
as a route for K re-entry during Ca’" uptake. During the uptake phase, KHE
exports K" and the ER may need a mechanism to restore potassium homeostasis
across the ER membrane. Our data suggests that SK¢, channels may serve as
one possible mechanism for potassium re-entry. It is noteworthy that this
channel is under the control of cytoplasmic Ca’". We can thus speculate that
high cytoplasmic Ca*" levels could favour opening of the ER SK¢, channels in a
similar manner to plasma membrane SK¢, channels which will facilitate KHE
function, proton re-entry and thus SERCA activity. However, the fact, that SKc,
channels could also be used for potassium efflux from the ER cannot be
excluded. The counter-transport of protons by the SERCA could not fully
ensure the charge balance and a further efflux of positive ions or an influx of
negative ions is required for complete charge equilibrium.

Our discovery may also contribute to the understanding of WFS. Wolf-
Hirschhorn Syndrome is a complex congenital syndrome caused by a
monoallelic deletion of the short arm of chromosome 4 (Endele ef al., 1999).
The variation and severity of the symptoms in WHS patients is linked to the size
of the chromosome deletion and it is now widely recognized that the various
symptoms cannot result from the loss of a single pathogenic gene. The LETM1
gene has been identified as an excellent candidate gene for causing seizures in
WHS (South et al., 2007; Zollino et al., 2003). To date, these effects have been
mostly associated with deficient mitochondrial KHE and mitochondrial
osmoregulation (McQuibban et al., 2010). However, our results demonstrating
the participation of ER LETMI in intracellular Ca*" cycling allow to suggest
that deficient ER Ca*" handling might also be involved.
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In summary, our work demonstrates that the ER membrane contains KHE
and SKc, channels which are involved in ER Ca®" uptake (see also the proposed
model in Fig. 22).

Figure 22. Proposed model of counter-ion movement through the ER membrane during
Ca’* uptake. Ca’" ions are pumped to the ER by SERCA. This is accompanied by the
counter-transport of protons (two to three protons for every two Ca*" ions). To
compensate the remaining positive charge, CI” ions enter through CIC channels,
accompanied again by the extrusion of protons (one proton per two Cl ions). To avoid
matrix alkalization and concomitant inhibition of SERCA, protons re-entry through the
KHE (or LETMI). To compensate for the loss of K" ions from the SR lumen, K* may
re-enter through the SK¢, channels which are open only during the uptake phase.

2.2. Energetic state regulates SR calcium loss in cardiac muscle

The amount of releasable Ca*" in the SR depends not only on the Ca*" uptake
rate but also on Ca®" loss during the resting period. The results obtained in the
present study were: (I) in situ, in the absence of extra-reticular Ca®", this ion
rapidly leaks out of the SR compartment; (II) this leak mainly occurs by a
backward flux through the SERCA; (IIlI) the leak strongly depends on the
cellular energy state; (IV) direct energy cross-talk between mitochondria and
SERCA is more efficient at inhibiting the SR Ca®" leak than the local ADP re-
phosphorylation catalysed by bound CK; (V) the leak at physiological diastolic
[Ca®"] is also energy-dependent.

Our results confirm that, at least under conditions of a high intra/extra-
reticular Ca®* gradient, the SR in situ is rather ‘leaky’ in that intra-reticular Ca*"
levels start to rapidly decrease if cytosolic [Ca®] drops. The decrease in the SR
Ca’* content in a Ca®’-free medium, as visualized by fluorescent dye, is
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concomitant with a reduction in the amount of releasable Ca’" by the SR. The
amount of this ‘physiologically active’ Ca®’, which is able to activate
myofibrils, was estimated from tension transients elicited by a caffeine-induced
Ca’’ release.

An important question is what the main route of this Ca®>" leak is from the
SR is under conditions of a high intra/extra-reticular Ca®" gradient. In
addressing this question, we inhibited SERCA during the leak period to
decrease the reverse Ca’" flux via this pump. SERCA inhibition caused a
considerable increase in the amount of releasable SR Ca®". This increase could
not have resulted from the unspecific effects of CPA or TBQ on RyR because
these inhibitors do not reduce RyR-mediated C&" leak (Dettbarn and Palade,
1998). Thus, these data indicate that the SR Ca®" pump is directly involved in the
Ca”" leak under our experimental conditions.

In contrast to the effects of SERCA inhibition, the RyR antagonists did not
reduce SR Ca®" loss. Neither tetracaine nor RR was able to increase the amount
of releasable Ca®" under the conditions of a high Ca®" leak. Some studies
(Gyorke et al., 1997; Overend et al., 1998) whivh were performed using intact
cardiac cells showed that significant diastolic Ca®" leak occurs via the RyR,
especially in cardiac pathology (Lehnart et al., 2006; Marks et al., 2002; Marks,
2003). However, several other studies support our findings. In voltage-clamped
cardiac myocytes, for example, reverse flux through the SR Ca®" pump was
found to be the main pathway of diastolic Ca*" flux from the SR (Shannon et
al., 2000). Similarly, using isolated cardiac SR vesicles, Shannon et al. (2001)
showed that at low external [Ca*"] (100 nM), the passive leak via the RyR is
extremely low relative to backward flux through the Ca®* pump. The reverse
mode of the Ca®" pump was also found to be the main contributor to passive
leak in SR vesicles isolated from skeletal muscle (Du et al., 1996). The
relevance of these data should of course be considered, given that under
physiological conditions diastolic [Ca*'] is ~100 nM rather than zero. Such a
physiological concentration would decrease the intra/extra-reticular gradient
and thereby inhibit Ca*" loss. Indeed, at 100 nM Ca’" and under optimal
energetic conditions, the SR Ca®" content was almost the same after 30 or 300 s
of leak period. However, in the presence of ATP only, the backward Ca*" flux
significantly decreased the amount of releasable Ca’’. A rough estimation
shows that poor energetic conditions during 5 min of incubation could be
responsible for the loss of ~50% of the Ca*" pumped in a period of the same
duration. Interestingly, inhibition of the potentially active RyR pathway by
tetracaine did not significantly reduce Ca*" loss. Thus, it can be concluded that
energetic disturbances are able to activate a backward Ca®" flux in living cells in
diastole.

When analysing the mechanism of an energy-dependent Ca®" loss, it is
important to realize that the driving force for the Ca®" flux is not only
determined by the kinetic parameters of high energy phosphates but also by the
thermodynamic equilibrium between the substrate and the products of ATPase
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reaction. This reaction coupled to the translocation of two Ca>" for each ATP is
fully reversible. The reversal condition depends on the relationship between the
free energy of ATP hydrolysis and the energy required to transport Ca®" against
the concentration gradient. The SERCA pump will cycle in the forward
direction when the free energy of ATP hydrolysis (which depends on the ratio
of MgATP to its hydrolysis products) is higher than the energy of the Ca** con-
centration gradient (Tran et al., 2009). When ADP and/or inorganic phosphate
accumulate, the free energy of ATP hydrolysis drops and the pump will stop or
even cycle in the reverse direction. Therefore, elimination of the products of
ATP hydrolysis in the vicinity of SERCA is a prerequisite for preventing SR
Ca®" uptake inhibition (or preventing the SR Ca®" loss coupled to ATP
synthesis). Of course, specific assessments of such a reversibility of the Ca**
pump needs more data concerning the actual magnitude of the phosphorylation
potential near the SERCA and the intra/extra-reticular Ca>" gradient.

The most interesting result of the present work is the finding of a differential
sensitivity of the backward Ca*" flux to various energy sources in situ. This flux
is markedly decreased in the presence of various functioning systems able to
locally re-phosphorylate ADP. Importantly, there are differences in the relative
efficiency of these various systems. Our results show that the regeneration of
ATP by endogenous glycolytic enzymes had a negligible effect on the reverse
mode of the Ca®* pump. This result was unexpected, because in the same model
glycolytic support strongly increased Ca>" loading (Boehm et al., 2000).
Therefore, it is possible that glycolytic enzyme activation needs a certain Ca*"
concentration. Stimulation of the endogenous CK system caused considerable
inhibition of Ca*" loss; however, direct adenine nucleotide channelling mediated
by cross-talk between the mitochondria and SERCA was even more efficient in
inhibiting the backward Ca*" flux from the SR.

Interestingly, the efficacy of CK and mitochondria in supporting SR Ca*"
pumping is quite similar (Kaasik et al., 2001). Higher efficacy of mitochondria
in blocking the reverse mode of the SR Ca*" pump found in the present work
enables us to hypothesize that energetic regulation of the forward and backward
flux is not identical. Of possible relevance to such a hypothesis is the activation
of backward flux by inorganic phosphate (Winkler et al., 1977; Smith et al.,
2000). In fact, local ATP regeneration by mitochondria is coupled to equimolar
inorganic phosphate (Pi) consumption, such that phosphate produced locally by
the SERCA is completely eliminated. In contrast, ATP regeneration by the CK
system does not involve Pi consumption, so that high ATPase activity even in
the presence of effective ATP regeneration at the expense of PCr could create
an increased Pi concentration in the vicinity of the SR compartment. This, in
turn, would favour the backward Ca® flux, which could explain the lower
efficacy of the CK system in inhibiting Ca>" loss from the SR.

The increased backward Ca flux due to perturbations in the SERCA energy
supply could contribute to decreased cardiac contractility in pathological
conditions, especially heart failure. The failing heart is characterized by
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multiple alterations in energy metabolism (for a review, see Ventura-Clapier et
al., 2004). Furthermore, the ultrastructure of failing cardiac cells is profoundly
disorganized (see Hein et al., 2000, 2001 and references therein), such that
structural relationships between cell compartments are altered. This should
affect cross-talks between organelles, including those involved with energetics.
Consistent with this, we have previously shown (Wilding et al., 2006) that cell
remodelling induced by the muscle LIM protein-null mutation caused a
decrease in the mitochondrial support for SR Ca®" uptake, despite unchanged
mitochondrial content and a normal intrinsic mitochondrial function. Thus,
direct energy channelling between mitochondria and SERCA, being the main
energetic factor inhibiting the reverse mode of the SERCA, seems to be a
mechanism which could be easily altered in heart failure due to cell remodelling
(Joubert et al., 2008).

Altogether, our results have shown (Fig. 23) that at a low extra-reticular
Ca®’, the backward SR flux strongly depends on the cell energy state and the
main inhibitor of this Ca®" loss is energy channelling between the mitochondria
and SERCA rather than CK-catalysed energy support. This suggests that
functional uncoupling between the mitochondria and SERCA due to cell
remodelling in cardiac pathologies could impair function of the SR via
increased SR Ca”" loss.

Figure 23. Energetic regulation of backward Ca®" flux inhibition. The sarcoplasmic
reticulum Ca®" pump is able to mediate a significant backward flux. This flux strongly
depends on the local ATP/ADP ratio in the vicinity of SERCA and may be inhibited by
two energetic pathways. The first one is mediated by CK bound to SR; the second one is
mediated by direct adenine nucleotide channelling between SERCA and juxtaposed
mitochondria. Mitochondria seem to be more efficient than CK in inhibiting the flux,
probably due to their ability to decrease the local inorganic phosphate concentration.
Cardiac pathologies, which induce CK down-regulation and/or dissociation between
mitochondria and SR due to cell remodelling, could favour the SERCA-mediated Ca**
backward flux and compromise contractility.
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CONCLUSIONS

Monovalent cation fluxes across intracellular membranes in neurons and
cardiomyocytes play important roles in the cell functioning. They are involved
in intracellular signalling, organelle trafficking and calcium homeostasis. Here
we demonstrated that:

1) Swollen mitochondria can impair organelle transport in neurons by
physically blocking the passage of other sized organelles in neurites
independently, and thus can inhibit the axonal organelle traffic.

2) Swollen mitochondria can generate intracellular forces that are able to
compress myofilaments as well as nucleus in cardiomyocytes. This suggests
that mitochondria represent a source of significant internal force production
that has potential role in internal mechanical signalling.

3) The ER proton and potassium fluxes through the KHE and SK¢, channels
play major role in ER Ca*" uptake both in neurons and in cardiomyocytes.

4) Cellular energetic state regulates SR Ca*" loss through the SERCA in cardiac
muscle. Direct energy channelling from the mitochondria is the most
effective energy pathway, which is also able to inhibit the SERCA-
dependent Ca”" leak.
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SUMMARY IN ESTONIAN

Katioonide voolud mitokondrites ja endoplasmaatilises
retiikulumis: uued rollid raku fiisioloogias

Mitokondrid on tuntud kui raku jodujaamad tootes enamiku rakule vajaminevast
ATPst. Endoplasmaatilise retiikulumi pdhifunktsiooniks on rakusisete Ca®*
voogude kontrollimine. Ehkki mitokondrid ja endoplasmaatiline retiikulum on
eraldiseisvad organellid, on nende funktsioneerimine tihedalt iiksteisega seotud
ja tihti ka sarnaselt reguleeritud. Uheskoos mdjutavad nad mitmeid rakusiseseid
protsesse nagu Ca’" liikumist ja tasakaalu ning erinevaid signaalradasid ja
rakusurma-mehhanisme.

Mitokondrite ja endoplasmaatilise retiikulumi funktsiooneerimisel méngivad
olulist rolli rakusiseste katioonide, peamiselt kaaliumi ja kaltsiumi voolud.
Mitokondri maatriksis olev kaalium kontrollib mitokondri mahtu, mis on
oluline nii organelli terviklikkuse séilitamise kui ka funtsioneerimise seisu-
kohalt. See on seotud nii mitokondrite energia tootmise kui ka programmeeritud
rakusurma kaskaadi kéivitamisega. Lisaks vdivad muutused mitokondri mahus
olla seotud ka muude, senini vihe uuritud protsessidega. Néiteks v3ib mito-
kondrite 1abimdodu suurenemine takistada aksonaalset transporti. Aksonaalse
transpordi héired on seotud mitmete progresseeruvate neurodegeneratiivsete
haigustega nagu Alzheimeri ja Huntingoni tobi. Teisalt vdivad paisunud mito-
kondrid siidamelihasrakkudes mehhaaniliselt mdjutada ka naabruses olevaid
rakustruktuure — niiteks miiofilamente ja tuuma, mdjutades iihtlasi nende
funktsiooni. See-eest lisaks varemmainitule mojutab kaltsiumi kontsentratsioon
mitokondri maatriksis ATP tootmist aktiveerides dehiidrogenaase Krebsi tsiiklis
ning voib pdhjustada kaltsiumi iilekoormuse, mis omakorda voib viia
rakusurma-mehhanismide kéivitumiseni

Kaalium ndib kontrollivat ka endoplasmaatilse retiitkulumi funktsiooni.
Endoplasmaatilise retiikulumi Ca®" iilesvotuga ei kaasne elektrokeemilise
potensiaali teket endoplasmaatilise retiikulumi membraanil. See tidhendab, et
Ca®™ iilesvottu tasakaalustab nn “vastasioonide” (counter-ions) (Na*, K, CI)
liikumine 1dbi endoplasmaatilise retiikulumi membraani. Praeguse seisuga on
neid ioone ning vastavaid ioonkanaleid endoplasmaatilise retiikulumi memb-
raanis vaga vihe uuritud.

Oluline on mirkida, et endoplasmaatilise retiikulumi Ca®" tase sltub lisaks
endoplasmaatilise retiikulumi Ca®" iilesvotule ka Ca®" lekkimisest puhke-
perioodil. See leke vdib toimuda riianodiini retseptorite kaudu voi ka lédbi
SERCA. Arvatakse, et endoplasmaatilise retiikulumi Ca*" leke vib sltuda ka
raku energeetilisest seisust. Lisaks vdib suurenenud Ca*" leke olla seotud
siidamepuudulikkuse kujunemisega...
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Lihtuvalt eelnevast, oli t60 eesmiirgiks:

1) Hinnata, kuivérd pohjustavad muutused katioonide voos ldbi mitokondri
sisemembraani mitokondrite paisumist ndrvirakkudes ning héirivad orga-
nellide transporti nérvijétketes.

2) Uurida, kas mitokondrite mahu muutused siidamelihasrakkudes voivad
mehhaaniliselt m&jutada teisi rakusiseseid struktuure.

3) Uurida kaaliumi voolude olemust ja rolli endoplasmaatilise retiikulumi
kaltsiumi {ilesvotus.

4) Selgitada, milline on peamine Ca* lekke mehhanism siidamelihasrakkudes
ja millised tegurid vGivad seda kaltsiumi leket mojutada.

Antud to6 tulemustest voime jireldada et,

1) Paisunud mitokondrid vdivad halvendada aksonaalset transporti neuronites
takistades fiilisiliselt nii mitokondrite kui liisosoomide liikumist. See oma-
korda voib hiirida nérvirakkude funktsioneerimist ja olla seotud ka neuro-
degeneratiivsete haiguste tekkemehhanismidega.

2) Paisunud mitokondrid genereerivad rakusiseseid joude, mis vdivad siidame-
lihasrakkudes pohjustada nii miiofilamentide kui tuuma kompressiooni. Selle
kaudu voivad nad mdjutada nii kontraktiilsust kui ka tuuma funktsio-
neerimist.

3) Kaaliumi voolud lébi endoplasmaatilise retiikulumi KHE ja SKc, kanalite
mingivad olulist rolli endoplasmaatilise retiikulumi Ca®" iilesvdtus nii
neuronites kui kardiomtiotsiiiitides.

4) SERCA mingib olulist rolli Ca®*" lekkes endoplasmaatilise retiikulumi
luumenist ning see leke sdltub siidamelihase energeetilisest seisundist.
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