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INTRODUCTION

Mitochondria are organelles, which are thought to be derived from symbiotic
organisms that invaded eukaryotic cells early in evolution. They generate ATP,
the major molecule by which cellular energy is transferred or spent. In neurons,
mitochondria are presented in all compartments, including the axon. Trans-
location of mitochondria along axons is crucial to maintain proper functioning
of the neuron, since oxidative phosphorylation is the main source of energy for
neurons. Furthermore, during changes in respiratory activity mitochondria
undergo transient changes in volume and morphology. Many neurodegenerative
diseases, such as amyotrophic sclerosis, Alzheimer’s, Huntington’s, Parkinson’s
diseases, and Charcot-Marie-Tooth disease II, are related to defects in
mitochondrial transport and/or disabled function.

Furthermore, mitochondria play a crucial role in the regulation of cell death.
During ischemia calcium uptake by mitochondria is pivotal in controlling
intracellular calcium concentration. Extensive calcium overload decreases
mitochondrial membrane potential and ATP production, causes mitochondrial
swelling and release of cytochrome C, leading to activation of apoptotic cell
death pathways. Moreover, the inner mitochondrial membrane contains number
of proteins, which are involved in regulation of programmed cell death.

Mitochondria are also known for housing the enzymes needed for hormone
synthesis. The role of steroids in nervous system has been extensively studied
since it was discovered, that steroid hormones can be synthesed in the nervous
system independently of steroidogenic glands. These “neurosteroids” exert
many effects on neuronal functions, including neuroprotection and neuro-
trophism. Several studies have shown that neurosteroids interact with
mitochondria.

Therefore, in this thesis, the mitochondrial functioning in neurons and
interaction of mitochondria with neurosteroids were studied.

10



BACKGROUND OF THE STUDY

Structure and function on the mitochondrion

Mitochondria are distinct organelles with two membranes, the inner and outer
mitochondrial membranes which occasionally come together to form contact
sites. The inner mitochondrial membrane is highly folded and largely imper-
meant forming the major barrier between the cytosol and the mitochondrial
matrix. Multiple infoldings of the inner mitochondrial membrane form cristae
which house a number of membrane bound mitochondrial enzymes. Mitochond-
rial matrix is enclosed by the inner membrane and contains mitochondrial DNA
(mtDNA), ribosomes, matrix granules and matrix proteins. Also intermembrane
space houses several proteins which are important in cell physiology,
mitochondrial energetics and cell death. Additionally, the rate limiting enzymes
of steroid synthesis are located in intermebrane space of mitochondria. The
outer membrane is relatively permeant to small molecules and ionic species and
contains a number of proteins, which are important for regulation of
mitochondrial homeostasis.

Mitochondrial dynamics

Mitochondria are remarkably dynamic organelles that undergo continual cycles
of fusion and fission. These two processes continuously alter mitochondrial
morphology in normal, non-apoptotic conditions (for instance, mitochondrial
fission is required for cellular division). Disruption of fusion causes the tubular
network of mitochondria to fragment into short rods or spheres (Griparic et al.,
2004; Chen and Chan, 2005), while disruption of fission (division) generates
interconnected, perinuclearly clustered tubules (Smirnova et al., 2001;
Stojanovski et al., 2004). The fission of mitochondria is regulated by large
GTPases of the dynamin family, in particular, Drpl (dynamin-related protein-
1), and fusion by OPA1 (optic atrophyl) and mitofusins (Westermann, 2002;
Yoon and McNiven, 2001). Two inherited neuropathies, Charcot—Marie—Tooth
type 2A and autosomal dominant optic atrophy, are caused by mutations in
mitofusin 2 and OPAIl, suggesting that proper regulation of mitochondrial
dynamics is particularly vital to neurons (Zuchner et al., 2004; Alexander et al.,
2000).
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Biogenesis of mitochondria

Mitochondrial biogenesis is a critical process for development and cellular
homeostasis. It involves expression of genes encoded in two different compart-
ments, nucleus and mitochondria. Mitochondrial DNA encode only 13 poly-
peptides, while the exact number of mitochondrial proteins is not known, but
estimates approximately 1000 proteins, 400 of which are currently identified
(Mootha et al., 2003; Ozawa et al., 2003). Thus, nuclear genes play a predo-
minant role in the biosynthesis of the respiratory chain and in the expression of
the mitochondrial genome. Each mitochondrion has two to ten copies of the
mtDNA molecule and the number of mtDNA molecules is a limiting factor in
mitochondrial fission. Mitochondrial replication is controlled by number of
nucleus-encoded factors (nuclear respiratory factors, NRFs, PGC-1 family
coactivators) providing a mechanism for linking respiratory chain expression to
environmental conditions (Gleyzer et al., 2005). Mutations of mtDNA are being
increasingly recognised in disease and may play an important role in the ageing
process (Taylor and Turnbull, 2005).

Mitochondrial membrane potential and
ATP synthesis by mitochondria

Mitochondrion contains two main enzymatic systems: the citric acid or
tricarboxylic acid (TCA) cycle and the respiratory or electron transport chain
(depicted in Figure 1).

The enzymes of TCA cycle break down acetyl CoA, derived from pyruvate
and fatty acid breakdown to reduce NAD" to NADH and FAD*" to FADH.,.
These intermediates provide reducing equivalents to the respiratory chain. In the
respiratory chain electrons are transferred from NADH and FADH, to
Complexes I, and Complex II respectively, and these each then transfer
electrons to ubisemiquinone which shuttles electrons to Complex III. Cyto-
chrome c then shuttles electrons to Complex IV. These reactions are also
associated with the transfer of protons across the mitochondrial inner memb-
rane, from matrix into the inter-membrane space, establishing an electro-
chemical proton gradient, expressed as a mitochondrial transmembrane poten-
tial (Aym). Aym is usually estimated at 150 to 180 mV negative to the cytosol.
The mitochondrial membrane potential provides a force that drives the influx of
protons into the mitochondria down the electrochemical potential gradient. The
influx of protons is predominantly directed through the proton channel of the
FFo-ATP synthase, where inward movement of protons drives a motor of the
enzyme to phosphorylate ADP and to release ATP (Stock et al., 1999). ATP is
then transported out of the mitochondria by the adenine nucleotide translocase
(ANT).
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Figure 1. Schematic representation of mitochondrial respiratory chain and ion fluxes

Ion transport across the mitochondrial membranes
Mitochondrial Ca®* transport

The mitochondrial potential provides one of the major mechanisms to handle
calcium in the cell. Ca*" transport across the mitochondrial inner membrane is
facilitated by spezialized transporters as well as through the mitochondrial
permeability transition pore (mPTP). Ca®" is taken up through the mitochondrial
inner membrane by a uniporter, which transports Ca*" down its electrochemical
gradient. The “rapid mode” of Ca®" influx into the mitochondria was described,
which could be an alternate configuration of the uniporter (Gunter et al., 2000).
The mitochondrial outer membrane modulates the access of Ca®" to the
uniporter through the selectivity filter of the voltage-dependent anion channel
(VDAC) which appears to be Ca®" permeant. The major route for Ca*" efflux
from mitochondria is a Na“/Ca®" exchange. However, Na* independent pathway
dominates in liver mitochondria (Gunter et al., 1991).
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Regulation of mitochondrial function by calcium

The major functional significance of mitochondrial Ca®*" uptake is in the
regulation of mitochondrial metabolism. Three major enzymes of the TCA are
upregulated by Ca’" (McCormack et al., 1990): pyruvate dehydrogenase, iso-
citrate dehydrogenase and a-ketoglutarate dehydrogenase. More recently, direct
increase of mitochondrial ATP production by mitochondrial Ca®" uptake was
shown (Jouaville et al., 1999). The electron transport chain, the FoF;ATPase,
and the ANT have been suggested to be regulated by Ca®" stimulation (Gunter
et al., 2000). The glutamate/aspartate carrier, responsible for the transport of
mitochondrial substrate, is also upregulated by calcium (Lasorsa et al., 2003). It
therefore seems that the transfer of Ca®" from the cytosol to mitochondria
represents a major mechanism to couple increased ATP demand with an
increase in the supply.

Mitochondrial K cycle and volume regulation

The outer membrane does not present a barrier to exchange of small ions with
the cytosol and potassium flow is regulated in the level of inner mitochondrial
membrane. Membrane potential drives K™ influx by diffusion ("K" leak") and
via the mitochondrial K* channels. Excess matrix K" is ejected by the K'/H"
antiporter.

It is well established that mitochondrial volume is mainly controlled by the
mitochondrial potassium cycle as any net K™ flux will be accompanied by a flux
of anions and osmotically obliged water. The balance of potassium influx and
efflux processes depends on mitochondrial membrane potential. The negative
internal mitochondrial membrane potential drives K as well as other cationic
compounds electrophoretically into the mitochondrial matrix. Potassium extru-
sion via K'/H" antiporter, although electroneutral, requires the proton gradient
that creates the membrane potential. As a result, a loss of membrane potential
would thus lead to a decreased potassium influx into the mitochondrial matrix
and also to an inhibition of its extrusion from the mitochondrial matrix. 4 priori
it is not therefore possible to predict the net K™ displacement and concomitant
volume change when the potential drops. It has been suggested that a high
membrane potential corresponds to the swollen state and that when the potential
collapses the mitochondria contract (Garlid and Paucek, 2003). In contrast,
several works based on fluorescence microscopy studies suggest that mito-
chondria swell when they lose their membrane potential (Gao et al., 2001;
Minamikawa et al., 1999; Lyamzaev et al., 2004), although others reported no
volume change or small change (Kahlert and Reiser, 2002; Rintoul et al., 2003).
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Cell death regulation

Given the fundamental role of mitochondria as ATP generators it seems self-
evident that severe damage to mitochondria will cause cell death. As ATP levels
fall, energy dependent processes that include the maintenance of ion gradients,
the contraction of muscle, secretion of transmitters, and the maintenance of
normal regulation of calcium required for the coordination of calcium signals
will inevitably become disordered. Once ionic gradients dissipate, intracellular
osmolarity cannot be maintained, and cells will swell and die by a process of
necrosis.

Furthermore, mitochondrion hosts key machinery for programmed cell
death. The major form of apoptosis proceeds through the mitochondrial
pathway, defined by a pivotal event in this process — mitochondrial outer
membrane permeabilization. This leads to the release of proteins normally found
in the space between the inner and outer mitochondrial membranes (including
cytochrome c, apoptosis-inducing factor (AIF), and others). Before, during, or
after permeabilization of outer membrane, there is frequently a dissipation of the
mitochondrial membrane potential. Three general mechanisms precipitate the
death of the cell: the release of molecules involved in the activation of caspases;
the release of molecules involved in caspase-independent cell death; and the loss
of mitochondrial functions essential for cell survival mentioned above.

The mitochondrial permeability transition pore: structure and
involvement in oxidative metabolism

The mitochondrial permeability transition pore (mPTP), also known as the
megachannel or multiple conductance channel, is a multiprotein complex
formed at the contact site between the inner and outer mitochondrial
membranes, which helps regulate matrix Ca®" concentrations, pH, Aym and
mitochondrial volume. The open channel has a diameter of 1.0-1.3 nm and
allows passage of solutes with molecular masses up to 1.5 kDa (Crompton,
1999). Opening of the mPTP is tightly regulated by Aym and matrix pH, and
can be specifically inhibited by cyclosporin A, bongkrekic acid, EDTA or
magnesium (Kroemer and Reed, 2000).

The exact composition of the mPTP is not clearly established. Six proteins
have been implicated in either pore formation or its regulation: hexokinase,
located in the cytosol;, VDAC in the outer membrane; creatine kinase in the
intermembrane space; the ANT in the inner membrane; cyclophilin D in the
matrix, and the peripheral benzodiazepine receptor (PBR). The VDAC, an
abundant protein in the mitochondria, comprising as much as 20% of outer
membrane protein, is ordinarily open and allows diffusion of metabolites
(<1kDa) across the mitochondrial outer membrane. The ANT is a specific anti-
porter for the exchange of ATP and ADP as part of oxidative phosphorylation.
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Hexokinase converts glucose to glucose-6-phosphate, the initial phosphorylated
intermediate of the glycolytic pathway. Creatine kinase facilitates the produc-
tion and export into the cytosol of phosphocreatine, which enters the
creatine/phosphocreatine circuit, thereby providing an efficient energy buffering
and transport system connecting mitochondria with energy consumption sites
(ATPases). Recent evidence has shown that the mPTP can form in the absence
of the ANT (Kokoszka et al., 2004), and alternative models accounting for this
pore have been proposed (He and Lemasters, 2002).

In ischemic injury permeabilization of mitochondrial membranes occur as a
consequence of prolonged opening of the mPTP, resulting in a loss of inner
membrane function and swelling of the matrix. The second class of mechanism
for mitochondrial cell death is mediated by members of the Bcl-2 family of
apoptosis-regulating proteins acting directly on the outer mitochondrial memb-
rane. Anti-apoptotic Bcl-2 family members function to block mitochondrial
permeabilization, whereas the various pro-apoptotic members like Bax and Bak
promote it. Permeabilization releases proapoptotic factors, including cytochrome
¢, which participates in assembly of a caspase-activating complex between
caspase 9 and Apaf-1 (“the apoptosome™) that activates effector caspases by
cleavage, resulting in widespread proteolysis (Kroemer and Reed, 2000).

Steroid synthesis in mitochondria

One particulary intriguing function of mitochondrial enzymes is the synthesis of
steroid hormones. Mammalian mitochondrial steroid hydroxylating enzymes
belong to cytochrome P450 enzyme superfamily. Enzymes of this supefamily
are involved in the metabolism of chemically diverse endogenous and exo-
genous compounds, but also catalyze a wide variety of biosynthetic processes,
including most steps in steroidogenesis. Type I P450 enzymes, found in
mitochondria and bacteria, receive electrons from NADH via the intermediacy
of two proteins-ferredoxin reductase (a flavoprotein) and ferredoxin (an
iron/sulfur protein). Type I P450 enzymes involved in steroidogenesis include
the cholesterol side-chain cleavage enzyme (P450scc), the two isozymes of 11-
hydroxylase (necessary for cortisol synthesis), and several vitamin D-meta-
bolizing enzymes. Type Il P450 enzymes, found in the endoplasmic reticulum
of eucaryotes, receive electrons from NADPH via P450 oxidoreductase, which
contains two flavin moieties. Steroidogenic Type II P450 enzymes include 17-
alpha-hydroxylase/c17,20-lyase (P450c17), 21-hydroxylase (P450c21), and
aromatase (P450aro) (Miller, 2005).
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Cholesterol transport into the mitochondria and
early steps of steroidogenesis

The initial steps of the synthesis of all steroids are common to all steroidogenic
tissues, such as adrenal, gonad and placenta tissues, and also to the brain tissue.
First, cholesterol is transported to the inner membrane of mitochondria via
peripheral benzodiazepine receptor (PBR). The PBR was first identified as a
binding site for the benzodiazepine, diazepam, in peripheral organ systems, and
subsequently was found to be distinct from the benzodiazepine binding site in
the central nervous system. The PBR is widely expressed throughout the body,
with highest densities found in steroid-producing tissues. The 18kDa PBR
protein contains 169 amino acids and form five transmembrane o-helices
spanning the outer mitochondrial membrane, which function as a channel for
cholesterol (Papadopoulos et al., 1997). A region of the cytosolic carboxyl-
terminus of the receptor was identified as the cholesterol binding site (Li and
Papadopoulos, 1998).

Further, the steroidogenic acute regulatory protein (StAR) is necessary for
mobilization of cholesterol from the outer to the inner contact sites of
mitochondrial membranes. In gonadal and adrenal cells, StAR protein is newly
synthesized in response to trophic hormones (ACTH, gonadotropins) and this
synthesis parallels the maximal steroid synthesis in response to hormones. The
cytosolic precursor of StAR protein is cleaved at the level of the mitochondrial
membrane contact sites to produce the 30 kDa mitochondrial "mature" StAR
protein, which is responsible for cholesterol transport across the mitochondrial
membranes (King et al., 1995). Recent studies have shown that StAR is present
in different regions of mammalian brain (Furukawa et al., 1998, Kim et al.,
2004). Additional factors have been identified in different tissues (Liu et al,
2003) and in the brain (Sierra, 2004), indicating that the StAR it might not be
limiting and that other mitochondrial membrane components participate in
inducing and maintaining continuous steroid formation.

The first step in biosynthetic pathway is cholesterol convertion to preg-
nenolone by the C27 cholesterol side chain cleavage cytochrome P450 enzyme
(P450scc or CYP11A1). Pregnenolone then leaves the mitochondrion to
undergo enzymatic transformation in the endoplasmic reticulum that will give
rise to the final steroid products. Next biosynthetic steps are different depending
on particular tissue.

Studies show, that not the P450scc enzyme activity, but cholesterol transport
to the inner mitochondrial membrane is the rate-limiting step in synthesis of
steroid hormones (Papadopoulos et al., 1997).
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Steroidogenesis in the brain

In the brain, glial cells are considered to be the primary site for steroid
synthesis. Hovewer, the presence and activity of steroidogenic enzymes are
demonstrated also in neuronal cells (Shibuya et al., 2003, Tsutsui et al., 2004).
Sex steroids, both androgens and estrogens, are made via synthesis of dehydro-
epiandrosterone (DHEA) or progesterone. The cleavage of pregnenolone to
DHEA in adrenals and gonads requires both the 17a-hydroxylase and 17,
20-lyase activities of P450c17, which is found in the endoplasmic reticulum.
Only a transient expression of mRNA for P450c17 during embryonic life was
reported (Compagnone et al., 1995) and contradictory data on the presence of
its mRNA and activity in adult brain has been presented (Stromstedt et al.,
1995; Sanne and Krueger, 1995; Kohchi et al., 1998). A possible alternative
pathway for DHEA synthesis involving oxygenated hydroxyperoxides has been
suggested since oxidative stress lead to increased DHEA production (Cascio et
al., 1998, Maayan et al., 2005). Nevertheless, DHEA and other steroid hormone
precursors/metabolits are found in the brain in relatively high concentrations.
Furthermore, their levels in the brain do not change after several weeks after
removal of steroidogenic glands (Corpechot et al., 1981). Such steroids synthe-
zied in the brain are called neurosteroids (Baulieu, 1998).

The progesterone synthezing enzyme, microsomal 3B-hydroxysteroid
dehydrogenase, catalyses also oxidation of DHEA to yield androstendione,
which is further converted to testosterone and estradiol by 17-B-hydroxysteroid
dehydrogenase and P450aromatase. In the brain, the prominent pathway of
DHEA metabolism is hydroxylation in 7th position by P450 7B yielding 7-o(p)-
hydroxy-DHEA, which is converted to 7-oxo-DHEA by 11-B-hydroxysteroid
dehydrogenase type 1. These 7-oxo-steroids are not futher convertible to either
estogen or testosterone. Possible pathways of steroid synthesis in the brain are
shown in Figure 2.
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Figure 2. Biosynthesis and metabolism of steroids in the brain. Sulfatation reactions of
pregnenolone and dehydroepiandrosterone (DHEA) mediated by sulfontransferase/
sulfatase and further convertion of 7-a(f)-hydroxy-DHEA to 7-oxo-DHEA by 11-B-
hydroxysteroid dehydrogenase are not shown. Cytochrome P450 enzymes: P450scc
cholesterol side-chain cleavage enzyme; 3-B-HSD—-3-B-hydroxysteroid dehydrogenase;
P450c17-17-alpha-hydroxylase/c17,20-lyase; P450 7B—7a(B)-hydroxylase; 17-B-HSD—
17-B-hydroxysteroid dehydrogenase; P450aro—aromatase.

Regulation of mitochondrial function by steroid hormones

Despite of tight relationship between mitochondria and steroid synthesis the
functional significance of this interaction remains unclear. Estradiol binds
specifically to isolated brain synaptosomal mitochondria with Km in around of
10nM (Horvat et al., 2001). Also glucocorticoid receptor was found in rat brain
mitochondria (Moutsatsou et al., 2001). The action of estrogens and gluco-
corticoids could be related with regulation of mitochondrial gene expression.
Recent studies indicate, that steroid hormones regulate expression of the genes
involved in oxidative phosphorylation coded in mitochondrial as well as in
nuclear genome (Damschroder-Williams et al., 2005; Masri 2005). Moreover,
steroids affect mitochondrial function directly. Morin et al. (2000) recently
demonstrated that DHEA and a-estradiol partly preserve the function of isolated
mitochondria altered by anoxia-reoxygenation. DHEAS also preserves the loss
of mitochondrial activity following exposure of neurons to ischemic insult
(Kaasik et al., 2001). Several other steroids have been shown to preserve mito-
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chondrial transmembrane potential after exposure of cells to toxic insults
(Mattson et al., 1997, Wang et al., 2001). Estradiol inhibits Na-dependent Ca**
efflux from mitochondria (Horvat et al., 2001). Another action of estradiol on
mitochondria is inhibition of F¢F; ATPase by binding to oligomycin sensitivity
conferring protein, subunit of this enzyme (Zheng and Ramirez, 1999). DHEA
and a-estradiol were able to intercalate into the phospholipid bilayers, leading to
structural and functional membrane modifications (Golden et al., 1998). In
micromolar concentrations DHEA and related steroids inhibit oxygen consump-
tion with NADH related substrates in mitochondria isolated from different
tissues (Mohan and Cleary, 1989).

Mitochondria in neurons

Mitochondria vary across different tissues: classical electron microscopy studies
have demonstrated morphological differences in mitochondria from different
cell types. In neurons mitochondria appear oval in shape on electron micro-
scopy images (Frey et al., 2002) and thread-like when visualized by confocal
microscope (Rintoul et al., 2003). Also mitochondrial enzymatic and bio-
synthetic pathways are different in different tissues (Thorburn, 2004). As an
example, neuronal mitochondria lack any capacity for B-oxidation, the process
by which fatty acids are broken down in the mitochondria to generate acetyl
CoA, the entry molecule for the TCA (Yang et al., 1987). Brain mitochondria
are also functionally heterogeneous varying in different cell types (neuronal,
glial) and brain regions (Davey et al., 1997). In mitochondria of synaptic origin,
complex I activity has a major control of oxidative phosphorylation, such that
when a threshold of 25% inhibition is exceeded, energy metabolism is severely
impaired, resulting in a reduced synthesis of ATP (Davey et al., 1998). On the
other hand, whole brain mitochondria oxidative phosphorylation is under
control of phosphorylation level by ATP synthase (Rossignol et al., 2000).
These variations can be explained by tissue- and cell-specific expression of
subunits of oxidative phosphorylation system (Kunz, 2003).

Growing evidence suggests a crucial role of mitochondrial dysfunction in
the pathogenesis of neurologic diseases (reviewed by Beal, 2000; Schon and
Manfredi, 2003). For example, the defects in respiratory chain resulting in
insufficient energy production and excess oxygen radical generation form a
basis for neurodegenerative disorders such as the Parkinson’s, Alzheimer’s and
Huntington’s diseases (Schon and Manfredi, 2003) and the stroke-like episodes
(Sims and Anderson, 2002). Even if mitochondrial dysfunction manifests as an
epiphenomenon, it can precipitate the cascade of events leading to the cell’s
death (Tatton and Olanow, 1999). Therefore, understanding the role and
mechanisms of involvement of mitochondria in neurologic diseases is of
principal importance for elaborating the optimal therapeutic strategies.
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Motility of mitochondria in neurons

The proper intracellular distribution of mitochondria is crucial for the normal
physiology of neurons. Mitochondria undergo saltatory and bidirectional move-
ments with velocities of 0.3-2.0 um sec™' (Overly, 1996; Ligon and Steward,
2000). Mitochondria accumulate near active growth cones of developing
neurons (Morris and Hollenbeck, 1993), and invariably are present within the
synaptic terminals (Shepherd and Harris, 1998). Dendritically distributed
mitochondria play an essential role for the support of synapse density and
plasticity (Li et al., 2004). Mitochondria in the cell bodies of neurons are
transported down the neuronal processes in response to changes in the local
energy state and metabolic demand (Hollenbeck, 1996). Because of their
extreme polarity, neurons require specialized mechanisms to regulate the tran-
sport, targeting, and retention of mitochondria at specific subcellular locations.
Thus, efficient control of mitochondrial distribution and transport in response to
cellular processes and stimuli is essential for neuronal development and synaptic
function.

The kinesin family of molecular motors is responsible for anterograde
transport of axonal mitochondria, whereas members of the cytoplasmic dynein
family are the driving force behind retrograde movement (Hollenbeck, 1996;
Ligon and Steward, 2000). Although the need for multiple kinesins in axonal
transport of mitochondria is unclear, KIF5B (kinesin 5B; KHC) is believed to be
a key molecular motor for driving anterograde mitochondrial movement in
neurons. However, how these motors interact dynamically with mitochondrial
membranes, and how trafficking components, including molecular motors,
linkers (or adaptors), and receptors of mitochondria, are assembled into
transport machinery are poorly understood. Recently, one component of
mitochondrial transport machinery has been described. Syntabulin, a syntaxin-
binding protein that links syntaxin-containing vesicles to KHC, associates with
mitochondria in vivo and links these organelles to KIF5B (Cai et al., 2005).
This association mediates mitochondrial trafficking along axonal processes, and
consequently, contributes to proper distribution of mitochondria in neurons.
Linkage to the right adaptors and motors is a key decision, but even if that is
achieved, movement in the right direction is not ensured unless an open path is
provided. The control over traffic by phosphorylation has been suspected to
contribute to the regulation. Axonal microtubules provide the track for organelle
transport and microtubule associated proteins (MAPs) regulate organelle
transport. Activation of protein kinase pathways and phosphorylation of MAPs
reduces their interaction with microtubules thus facilitating organelle transport
(Sato-Harada et al., 1996, Mandelkow et al., 2004). Also phosphorylation state
of kinesin and associated proteins may regulate motility via association with
organelle membranes (Lee and Hollenbeck, 1995).
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Methods for studying mitochondrial function in neurons

Conventional studies of neuronal mitochondria have been limited to usage of
purified preparations of isolated mitochondria (Lee, 1995), neural cell homo-
genates (Atlante et al., 1998, 1999), living neurons (Dedov et al., 2001), and
brain slices (Gahwiler et al., 1997; Kudin et al., 1999).

The analysis of the biochemical and bioenergetic principles are generally
based on studies of mitochondria isolated in bulk from tissues such as the liver,
the heart or the brain. Mitochondria are purified, and biochemical functions
such as the rate of oxygen consumption, the rate of production of biochemical
intermediates etc. are assessed. While such work provides the mainstay for our
understanding of mitochondrial bioenergetics, it also has its limitations. Most
obviously, under these conditions, it is impossible to ask questions about the
specialization of mitochondrial function in different cell types. It is certainly not
possible to study spatial and temporal changes in mitochondrial function in a
single cell during events associated with cell signalling or in response to
pathophysiological conditions. Moreover, the preparation of mitochondrial frac-
tion requires significant amounts of tissue for being homogenized that makes it
impossible to analyze the mitochondria in distinct regions or cell types. Esti-
mation of mitochondrial function in living cells and tissue slices, either by
measuring oxygen utilization or visualization of mitochondrial membrane
potential and calcium levels, also bears the problems. Although it describes the
cellular metabolic status, no meaningful information regarding the regulation of
the processes of energy production and utilization can be derived. For example,
it is impossible to analyze the kinetics of regulation of mitochondrial respiration
by ADP, since intracellular concentrations of this compound cannot be directly
monitored in vivo, and while added exogenously, it does not reach the mito-
chondria through the impermeable cellular membrane. Likewise, it is difficult to
discriminate primarily occurring mitochondrial disorders from those secondarily
caused by cellular dysfunction (Saks et al., 1998). These drawbacks have pro-
moted a search for the methods of in situ studies. In this respect, the
permeabilized cell technique, effectively applied in muscle research (Veksler et
al., 1987; Saks et al. 1998) offers a number of advantages. First, it allows to
investigate all the mitochondria of the same and little amount of the specimen.
It also provides information regarding the intactness of the mitochondrial inner
and outer membranes and function of energy transfer systems connecting
mitochondria with ATPases, both in normal and pathological conditions (Saks
et al., 1998). At the same time the utility of using permabilized neural cells in
studies of the mitochondrial function in situ has not been demonstrated as yet.
Therefore, in this thesis, the permeabilized primary cultures of cerebellar
granule cells were used to characterize mitochondrial function concerning
respiratory activity, calcium accumulation, interaction with neurosteroids, and
mitochondrial volume regulation and motility in neuronal processes.
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AIMS OF THE STUDY
1. To apply the permeabilization technique to cultured primary neurons to study
the mitochondrial function in situ.

2. To estimate whether the neurosteroids, especially dehydroepiandrosterone,
affect the mitochondrial function in situ in permeabilized neurons.

3. To elucidate the mechanisms and potential physiological role of
mitochondrial volume changes in neurons.
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MATERIALS AND METHODS

Reagents and solutions

All reagents were purchased from Sigma-Aldrich (MO, USA) except the
fluorescence dyes and Pluronic which were obtained from Molecular Probes
(OR, USA). Solution 1 contained (in mM): 7.23 potassium ethylene glycol-
bis(B-aminoethyl ether)N,N,N’,N’-tetraacetate (K,EGTA), 2.77 CaK,EGTA,
60 N,N-bis [2-hydroxyethyl]-2-aminoethanesulfonic acid (BES), 5.69 MgATP
(1 free Mg%), 20 taurine, 3 K,HPO,, 0.5 dithiothreitol and 81 potassium
methanesulfonate, pH 7.1 at 25 °C. Solution 2 contained (in mM):
7.23 K,EGTA, 2.77 CaK,EGTA, 100 potassium salt of 2-(N-morpholino)-
ethanesulfonic acid (K-MES), 1.38 MgCl,, 20 taurine, 3 K,HPO,, 0.5 dithio-
threitol, 20 imidazole and 5 mg/ml bovine serum albumine (BSA), pH 7.1 at
25 °C. The stock solutions of ADP used to add ADP into solutions contained
MgCl, (0.6 mol/mol ADP) to avoid changes in the free Mg*" concentrations.
The concentrations of free Ca>" were calculated using the computer program of
Fabiato (Fabiato, 1988). Lockey solution contained (in mM): 90 Choline
chloride, 30 NaHCO;, 0.1 CaCl,, 5 KCl, 3 MgCl,, 20 HEPES, 13.6 Glucose,
pH 7.4.

Cerebellar granule cell cultures

Primary cultures of rat cerebellar granule cells were prepared according to the
method of Gallo et al.(1982), with minor modifications as described in papers
I, IT and III. The cell suspension was plated at a density 1.0x10° cells/ml on
poly-L-lysine coated LabTek II Chambered Coverglass (0.3 ml/chamber; Nalge
Nunc International, NY, USA) or at a density 1.25x10° cells/ml on poly-L-
lysine coated MatTek Glass Bottom Culture Dishes (2ml; MatTek Corporation,
MA, USA). The cells were cultured for 5-7 days in a humidified 5% C0O,/95%
air at 37°C.

Permeabilization of neurons

Permeabilization of the plasmalemma was obtained by incubating the cultures
for 15 min at 4°C in solution 1 at pCa 7 containing additionally 50 pg/ml sapo-
nin. Cells were then rinsed once with the solution I, in order to washout
saponin, and kept for subsequent experiments. Alternatively, the cells were
treated for 3 min at room temperature with 50 pg/ml saponin in the same
solution followed by washout.
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Measurement of mitochondrial respiration

The permeabilized neurons kept in solution 1 were carefully scraped from the
plate, centrifuged at 4 °C for 10 min at 3000 rpm, and resuspended in solution 2.
Then the cells were transferred into the oxygraph medium (solution 2)
complemented with 5 mM glutamate and 2 mM malate, with a final
concentration of 5.66 million cells/ml and a total volume of 1.5 ml at 25°C.
After registration of the basal respiration rate (V,), 2 mM ADP was added to
maximally stimulate the respiration (Vapp) followed by addition of 5 mM NaNj;
to inhibit the cytochrome oxidase complex. The similar experiments were
performed also in the presence of either 10 mM succinate (in the presence of 10
UM rotenone) to activate complex II or 0.5 mM N,N,N',N'-tetramethylbenzene-
1,4-diamine (TMPD) and 2 mM ascorbate together with 8 uM cytochrome ¢ to
maximally activate the cytochrome oxidase complex. In preliminary experi-
ments started in the absence of exogenous cytochrome c, it induced approxi-
mately 10% increase in respiration when added into the oxygraph medium at
the end of experiment. In following experiments cytochrome ¢ was therefore
added together with TMPD and ascorbate to ensure that cytochrome oxidase is
by no means limited by availability of cytochrome c. Exogenous cytochrome ¢
was not used with other substrates as in these cases respiration was not
increased by the addition of cytochrome c, indicating that the outer mito-
chondrial membrane in permeabilized cells remained intact or that the loss of
cytochrome ¢ was not limiting step in these cases.

In all experiments the NaN;-sensitive part of the ADP-stimulated respiration
was taken to represent the activity of cytochrome oxidase. The respiratory
control index (RCI) as a ratio between the rates of respiration after and prior to
addition of saturating concentrations of ADP (Vapp/V,) was calculated. The
rates of oxygen uptake were recorded by using the high resolution respirometer
(Oroboros Oxygraph, Paar KG, Graz, Austria) equipped with Clark oxygen
sensor and with DATGRAPH analysis software.

Staining and fluorescence detection
All microscopy procedures were performed using confocal laser scanning
microscope (MRC1024, BioRad) equipped with Ar-Kr laser.
Visualization of mitochondria
To visualize the integrity of mitochondrial membranes, the neurons were first
loaded 30 min at 37°C with 100 nM MitoTracker Green in culture media that

was followed by incubation in the presence of different saponin concentrations
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for 15 min and washout as described above. Excitation line was 488nm and
emission was monitored at 522 (DF35) nm.

For mitochondrial tracking the intact neurons were loaded for 120 min at
37°C with 100 nM MitoTracker Green in culture media.

Visualization of cytoplasm and cytoskeleton

To assess the changes in plasma membrane integrity the cultures were first
loaded with 1 pg/ml fluorescein diacetate added to the culture media for 7 min
at 37°C, then processed for permeabilization and visualized by illuminating
with the 488 nm and detecting emission at 522 (DF35) nm.

To stain the cytoplasm, intact neurons were loaded for 30 min with 5 uM
CellTracker Green CMFDA (5-chloromethylfluorescein diacetate) at 37°C in
Lockey’s solution that was replaced with conditioned medium after staining.

For staining of microtubules, neurons were incubated with 2 pM Oregon
Green 488 paclitaxel in conditioned medium for 30min and washed once after
staining. Mitochondria were co-visualized with 200 nM MitoTracker Red.
Excitation lines were 488nm and 568nm and emission at 522 (DF35) and 605
(DF32) nm, respectively, was monitored.

Measurement of mitochondrial membrane potential

Aym was estimated in permeabilized neurons loaded with the Aym sensitive
fluorescent dye JC-1 (Molecular Probes, USA). The permeabilized cultures
were first incubated for 10 min at room temperature on slowly 3D rotating
rocker with solution I containing mitochondrial substrates, 5 mM glutamate, 2
mM malate after what compounds of interest were added and incubation was
continued for 10-20 min. Desired pCa was obtained by varying
CaK,EGTA/K,EGTA. After that 3 uM JC-1 was added and incubation was
proceeded for next 10 min. Fields of neurons (~300 cells) were illuminated with
the 488 and 568 lines and emission at 522(DF35) and 605(DF32) nm was
monitored. The fluorescent emission wavelength of JC-1 depends on the
aggregation of the JC-1 molecules in mitochondria that in turn depends on the
Aym. Relative changes in Aym were assessed by monitoring the ratio of JC-1
fluorescence at 605 nm (aggregate) and 522 nm (monomer) using the
LaserSharp 2000 software (Biorad).
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Measurement of intramitochondrial Ca?"

For quantitative measurement of mitochondrial Ca*" signals, permeabilized
neurons were loaded at room temperature for 20 min with 3 uM X-rhod-5F-AM
(Molecular Probes, USA) in solution I and incubated at room temperature for
30 min to allow hydrolysis of X-rhod-5F-AM trapped in mitochondria. This
was followed by 20 min incubation in solution 1 containing compounds of
interest at different pCa after what the dishes were mounted on the stage of laser
scanning confocal microscope and illuminated with the 568-line and emission at
605(DF32) nm was monitored.

Time-course microscopy

Mitochondrial motility was measured in intact cultures of cerebellar granule
neurons loaded with MitoTracker Green by time-course confocal microscopy.
Temperature in culture media was kept at 37°C with a temperature-controlled
POC-Chamber system (LaCon, Staig, Germany) and 40x spring WLSM type
objective (0.9 numerical aperture, Olympus) equipped with an objective heater.
pH was maintained at 7.1 with 20 mM HEPES. Time-course analysis was
performed using the LaserSharp 2000 software time-course option by recording
30 frames over 5 minutes. Coordinates of randomly chosen mitochondria were
tracked through the time series and recorded by software registering the mouse
clicks. Obtained data matrices were further processed in Microsoft Excel Macro
calculating the percentage of time in motile state, percentage of time in statio-
nary state, distance, average velocity in motile state, maximal velocity and
average velocity for each mitochondria.

Deconvolution and image restoration

512x512 pixel digital optical sections were taken with a confocal laser scanning
microscope (MRC1024, BioRad) equipped with Ar-Kr laser emitting the exci-
tation wavelengths of 488 and 568 nm utilizing a 100x oil immersion objective
(1.35 numerical aperture, Olympus). Voxels were collected at 15 nm lateral and
100 nm axial intervals. According to the Nyquist theorem, these settings should
result in a overlap between successive optical sections and ensure that no signal
will be lost along the Z axis. Laser power was usually kept below 30 uW (in
exceptional cases 90 pW) and exposition time of single mitochondria to laser
beam did not exceed 180 s.

Raw images were transferred to a MicroLink workstation equipped with
Intel 3,00 GHz Hyper-Threading 800MHz Bus Prescott processor and 2GB
random access memory and deconvolved by the AutoDeblur 9.2 software
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package (AutoQuant Imaging, NY, USA). The software is based on blind
deconvolution algorithm together with and maximum likelihood estimation and
produces point spread function (PSF) from information within dataset. Because
the algorithm adjusts the point spread function to the data, it partially corrects
also for spherical aberration. However, to eliminate this distortion completely,
z-distances were corrected using scalar compensation factor [ (apparent
diameter-aberration coefficient)/ apparent diameter]. Aberration coefficient was
calculated from the images of green fluorescent microspheres (see below) and
was 303 nm.

255
c...>-
3
8
£
8
3
i
E
0 T T T 1
<1000  -500 0 500 1000
distance in y direction (nm)
F [255
>
?
§
E
8
<
8
3|~
g s
0 L T L 1
<1000  -500 0 500 1000
distance in z direction (nm)
H
predetermined measured (n = 20)
diameter (nm ) 175+5 175.2 £ 10.5 (xy),
174.2 £15.9 (xz,yz)
surface area (um?) 0.0962 +54 0.0964+133
volume (um?) 0.00281+0.00023 0.00276+0.00055

Figure 3. Imaging of subresolution fluorescent microspheres (175 nm). Panels 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. Panels B and E show the maximal XY
and XZ projections of 3D deconvolved image series after correction of spherical
aberration. Panels C and F depict the axial intensity profiles generated from these
images before (dotted line) and after (solid line) image restoration. Panel G shows 3D
isosurface reconstruction of the deconvolved image series (frame size 250 x 250 x 250
nm). Panel 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.
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To assure the accuracy of these approaches, software settings were optimized
with green fluorescent microspheres (Molecular Probes’ PS-Speck Microscope
Point Source Kit) having the constant diameter. Beads were first bleached with
a high laser power to receive similar signal to noise ratio as in mitochondrial
preparations and series of images were then recorded with identical parameter
setting as used for mitochondrial images. Figure 3 summarizes the data
restoration process. Panels A and D depict the projections of raw images in XY
and XZ planes and panels B and E demonstrate the same images after data
restoration process. Panels C and F show the axial intensity profiles generated
from these images and panel G presents the final 3D isosurface picture
generated from all slices. Table depicted in panel H shows that predetermined
parameters of microspheres given by producer correspond very well with these
measured by us from reconstructed images.

3D analysis of data

Isosurface 3D pictures were generated using the AutoVisualize software
package (AutoQuant Imaging) after binarizing with a fixed 32% threshold
value. Mitochondrial length and diameter in optical plane was measured blindly
from maximal XY projections of similarly binarized images. Maximal
projections are superimpositions of all optical sections of deconvolved image
stacks. Mitochondrial thickness along the optical axis was similarly determined
from XZ or YZ projections. Surface area and volume was calculated
automatically by AutoVisualize.

Statistical analysis

The data are presented as mean = SEM. The Student t-test or one-way ANOVA
and Bonferroni post hoc analysis was used to compare data in different groups.
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RESULTS

Evaluation of mitochondrial function in situ in primary
neuronal culture of rat cerebellar granule cells

Characterization of permeabilized neuronal cultures

The use of plant-origin detergents for permeabilization of the plasma membrane
to characterize the functioning of intacellular membrane organelles is largely
employed in the field of muscle bioenergetics (Saks et al, 1998). Originally,
Endo and Kitazawa (1978) used 50 pg/ml concentration of saponin to
permeabilize bundles of cardiac and sceletal muscle. Glycosides saponin and
digitonin have high affinity for cholesterol and therefore specifically dissolve
cholesterol-rich membranes such as plasma membrame. The selection of
appropriate saponin concentration for selectively dissolve plasmalemma is
crucial since saponin also disrupts the membranes of mitochondria at higher
concentration.

The optimum saponin concentration for permeabilization was revealed by
exposing the plated neuronal cultures to different saponin concentrations for 15
min and detecting the integrity of plasma membrane by monitoring fluorescein
diacetate signal (Figure 4). It can be seen that the cultures without saponin and
those with 10 pg/ml saponin emitted similar signal with fluorescein being
typical for the cells with intact membranes. The first signs of permeabilization
of the cells (leakage of cytoplasmic fluorescein) were observed after treatment
of the cells with 25 pg/ml saponin, when the fluorescence signal became focally
dissipated. Increasing of saponin concentrations to 50 pg/ml and higher values
almost completely abolished the signal. At 100 ug/ml concentration of saponin
the leakage was accompanied by detachment of the neurons and neurites from
the plate.
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100 pg/mi

Figure 4. Cell membrane integrity (left column) of cerebellar granule neurons as
stained by fluorescein diacetate and mitochondrial intactness (righ column) as stained
by MitoTracker Green) after 15 min incubation at different saponin concentrations
(shown in left).
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The integrity of the mitochondrial membranes was monitored using the
potential-independent accumulation of MitoTracker Green. Figure 4 shows that
the fluorescence of that dye with 25 pg/ml saponin remained at control level,
thus indicating preservation of the mitochondrial membranes. When the saponin
concentration was increased to 50 upg/ml, the fluorescence decreased, yet
retaining more than 80% of dye within the mitochondria. Comparison of the
fluorescein diacetate and MitoTracker Green signals (Figure 4) shows that the
regime of treatment with 50 pg/ml for 15 min was optimum to ensure full
permeabilization of the cells, while the intactness of mitochondrial membranes
was preserved.

Mitochondrial membrane potential

The potential across the inner mitochondrial membrane plays central role in
controlling mitochondrial ATP synthesis, Ca>" accumulation and generation of
reactive oxygen species. Because each of these factors can influence the
viability of the cell, the measuring of Aym provides important information on
the mechanism by which mitochondria influence the survival of the cells. To
detect whether the mitochondria are also able to maintain the Aym after
processing with saponin, the saponin-treated neuronal monolayers were
incubated with potential-sensitive dye (JC-1), in the absence and in the presence
of mitochondrial substrates, 5 mM glutamate and 2 mM malate. After 20 min
incubation with JC-1 the fluorescence emission at 522 (DF35) nm and 605
(DF32) nm were detected. Figure 5 ABC shows that stimulation of respiration
in mitochondria after addition of respiratory substrates was accompanied by
translocation of the JC-1 into mitochondria, as indicated by the increased red
fluorescence (Figure 5B) and correspondingly decreased green fluorescence. On
the contrary, treatment of cells with FCCP, a mitochondrial uncoupler (1 pM),
led to the disappearance of red fluorescence from mitochondria and enhan-
cement of green fluorescence (Figure 5C). The panels D, E and F in Figure 5
demonstrate that energization and de-energization of mitochondria were
associated with reciprocal two-fold changes in red and green fluorescence.
Thus, the red to green fluorescence ratio could be taken as an index for moni-
toring the transitions between the high and low levels of mitochondrial memb-
rane potential, as it changed more than the intensities of the individual fluo-
rescences.
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Figure 5. JC-1 fluorescence in permeabilized cerebellar granule cells incubated without exogenous
substrates (panel A) and with added glutamate and malate in the absence (B) or presence (C) of 1 uM
FCCP. Panels D, E and F demonstrate the changes in intensities of red and green fluorescence and in
their ratio under these conditions, respectively. * — significantly different from control neurons.
# — significantly different from substrate treated neurons. The data are presented as mean + SEM, n =

6-10.



Measurement of free calcium in mitochondrial matrix

Accumulation of calcium ions into the mitochondria causes great functional
consequences for the mitochondria and for the cell both in terms of physiology
and pathology. Here we examined mitochondrial calcium sequestration by
imaging the fluorescent calcium indicator — fluorinated analogue of rhod-2,
acetoxymethyl ester of X-rhod-5F. The acetoxymethyl ester of X-rhod-5F is
cationic and membrane-permeant but possesses no detectable calcium-depen-
dent fluorescence. When added to the extra-mitochondrial media, it accumulates
in the mitochondria because of the mitochondrial membrane potential. Once de-
esterified by mitochondrial esterases, however, X-rhod-5F is retained in the
mitochondrial matrix, regardless of mitochondrial membrane potential. Com-
pared with rhod-2 X-rhod-5F has a lower Ca®" binding affinity (Kg: 0.6 and
1.6uM, respectively) and saturates at higher free [Ca’'], making it more
suitable for monitoring intra-mitochondrial Ca®*" overload. To verify that X-
rhod-5F and it’s loading protocol led to a specific loading of the mitochondria
we carried out control experiments where we also loaded the cells with
MitoTracker Green, a mitochondrial specific dye. The results (not shown)
indicated that X-rhod-5F and MitoTracker Green were loaded into the same
cellular compartment with a characteristic distribution similar to that seen with
mitochondrial potential sensitive dye JC-1. To avoid impact of different
membrane potentials on loading, all preparations were loaded at high membrane
potential after which the experiment was started.

Next, we monitored Ca’" accumulation into the mitochondria in condition of
calcium overload. Figure 6 A, B and D demonstrate that increase in extramito-
chondrial [Ca®>"] from pCa 7.0 to pCa 5.5 was associated with more than 3-fold
increase in fluorescence intensity. This accumulation of Ca*" was completely
abolished by ruthenium red (RR, 10 pM), a potent inhibitor of Ca*" uniporter
(Figure 6C, D), whereas no changes were observed in the presence of inhibitors
of Ca® efflux, CGP-37157 and cyclosporin A, the inhibitors of mitochondrial
Na'/Ca®" exchanger and permeability transition pore, respectively (results not
shown). Thus, the mitochondria gained Ca®" exclusively via Ca*" uniporter.
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Figure 6. X-Rhod-5F fluorescence in permeabilized cerebellar granule cells incubated
without exogenous substrates (A) and with added glutamate and malate in the absence
(B) or presence (C) of 10 uM Ruthenium Red. * — significantly different from pCa 7.0.
# — significantly different from pCa 5.5 treated neurones. The data are presented as
mean + SEM, n = 10-12.

Mitochondrial respiration

Oxygen consumption is one of the most widely used techniques to estimate the
functionality of mitochondria. The quality of mitochondrial preparation is most
often described by acceptor (ADP) control index, also called respiratory control
index (RCI). The RCI is defined as the ratio of the respiration rates of ADP
stimulated respiration (referred as state 3) and basal respiration (respiration in
the absence of ADP, state 4). Typical RCI values for isolated brain mito-
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chondria range from 3 to 7, varying with the substrate applied and the quality of
preparation (Wustmann et al., 1987).

Figure 7 and Table 1 demonstrate that the basal respiration (without ADP) of
mitochondria in permeabilized cerebellar granule cells was twice higher in case
of succinate and nine-fold higher with stimulation of cytochrome oxidase by
TMPD and ascorbate compared to that with glutamate/malate substrate pair.
Addition of 2 mM ADP stimulated the respiration by 3.9, 5.0 and 1.4 times, in
the presence of NADH-linked substrate, FADH,-linked substrate and TMPD-
ascorbate, respectively. The protocol applied also favors estimation of the
activity of cytochrome oxidase that is equivalent to a NaN;-sensitive portion of
the ADP-stimulated respiration (Vapp- Vnans)- It is thus possible to estimate the
functional stoichiometry between the cytochrome oxidase and other complexes
of respiratory chain. Notably, the maximal state 3 rate of respiration achieved
was similar for both, succinate and TMPD+ascorbate, being more than twice
higher than in the presence of glutamate and malate. The same proportions were
held for cytochrome oxidase activities. The observation that the cytochrome
oxidase activity in the presence of succinate was similar to that in the presence
of TMPD, ascorbate suggests that cytochrome ¢ was not detached from the
mitochondria during permeabilization of the cells with saponin.
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Figure 7. Oxygen consumption of permeabilized cerebellar granule cells in the
presence of different substrates. (A) 5 mM glutamate plus 2 mM malate; (B) 10 mM
succinate and (C) 0.5 mM TMPD plus 2 mM ascorbate. Additions: neurons (5.66
106:ml), 2 mM ADP, and 5 mM NaN3.
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Table 1. Respiratory parameters of permeabilized neurons

Glutamate . TMPD and
Succinate
and malate ascorbate
Vo (pmolO, s 10 %cells) 23+02(5) 42+04(3)* 19.3+53(3)**
V.app (pmolO, s 10 °cells) 9.0+ 1.1(5) 21.0+£3.03)** 243+7.1(3)*
RCI 39+02(5) 5.0+033)* 1.4+0.1 (3)***
Vaans (pmolO; -s-10 °cells) 12£02(5) 0.6+05(3) 3.1+£0.6 (3)

Vapp-Vaans (pmolO; s 10 %ells) 7.8+ 1.4 (5) 203 +3.53)** 19.3+6.8(3)

The values are given as mean = SEM and number of separate experiments is given in parentheses.
*—p<0.05, **—p<0.005, ***—p<0.0001 compared to measurements with glutamate and malate.
The concentration of the cells in oxygraph chamber was 5.66 millions per milliliter (50 pg
protein/10° cells). V, — rate of basal respiration; V spp — rate of ADP stimulated respiration; RCI —
respiratory control index (the ratio of respiration rate in the presence of ADP to that of basal
respiration without ADP); Vyans — NaN3 insensitive portion of the ADP stimulated respiration;
V apr—Vnans — NaN3 sensitive portion of the ADP stimulated respiration.

The effect of different steroids on neuronal mitochondria
in model of ischemia

Protective effect of different neurosteroids against calcium overload

Next, we employed the method of permeabilization of neuronal cultures to
characterize the interactions between neurosteroids and mitochondria.

Ischemia and reperfusion affect mitochondrial function in two ways: oxygen
deficiency hampering the respiratory chain and cytoplasmic calcium overload
leading to accumulation of Ca®" in the mitochondrial matrix. To imitate these
mechanisms we treated the skinned neurons either with a respiratory chain
inhibitor, 1-methy-4-phenylpyridinitum (MPP+) or raised free extra-
mitochondrial calcium concentration and detected the ratio of red/green
fluorescence of JC-1 after 10 min of incubation. As expected, both applications
lowered the red/green fluorescence ratio significantly, indicating a fall of
mitochondrial membrane potential. The 50% inhibition was observed at 2mM
MPP+ or 2uM free [Ca®"].

In the next experiments, the effect of DHEA (100uM, added at the start of
incubation with MPP+ or high [Ca*']) against the 5mM MPP+ or 3.2uM free
[Ca2+] induced loss of mitochondrial potential was studied. In cells treated with
MPP+, DHEA had no effect on mitochondrial membrane potential. Cells
exposed to high [Ca®"] in the presence of DHEA, however, showed significantly
higher red to green fluorescence ratio of JC-1 than the ones in absence of
DHEA (Figure 8AB).
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Figure 8. Relative AW measure-
ment using JC-1 in the presence of
MPP+ (5mM, A) or 3.2uM [Ca2+]
(B); DHEA (100uM) preserved
higher red to green fluorescence
ratio in the model of Ca2+ overload
(* — significantly different from
pCa 5.5, P<0.05, n=610), but was
ineffective against MPP+; DHEAS
(100uM) was ineffective in both
models. JC-1 fluorescence inten-
sities were monitored at 605DF32
and 522DF35nm, relative AW is ex-
pressed % of control JC-1 red/
green ratio. (C) Dose response
curve of DHEA. Skinned neurons
incubated at pCa 5.5 and at
different concentrations of DHEA
were stained with JC-1. Values are
expressed as percentage of maxi-
mal effect of DHEA (n=5-28).



The effect of DHEA was concentration dependent. As can be seen from Figure
8C, the maximal response was obtained at 100uM concentration with ECs,
15uM. A similar effect was observed when the cells were treated with other
neurosteroids (100uM) pregnenolone, pregnanolone, allopregnanolone, pro-
gesterone and to a lesser extent also 17[-estradiol but not with DHEAS,
pregnenolone sulphate or androstenedione (Table 2). 100uM cholesterol was
ineffective. It was also tested whether the mixture of neurosteroids in a range of
physiological concentrations in the human brain could be protective in this
model. As can be seen from Table 2, the mixture of DHEA, DHEAS, preg-
nenolone, pregnenolone sulfate, and pregnanolone preserved mitochondrial
membrane potential in condition of cytoplasmic Ca®" overload. It should be
noted also that neurosteroids themselves had no effect on the fluorescence
spectra of JC-1.

Table 2. Effect of different steroids on mitochondrial membrane potential

Treatment Mean + S.E.M.
pCa7.0 100+ 7
pCas.5 36+2
pCa 5.5 + DHEA 100uM 63+7°
pCa 5.5 + DHEAS 100uM 29+3
pCa 5.5 + pregnenolone 100pM 81 +4°
pCa 5.5 + pregnenolone sulphate 100uM 32+3
pCa 5.5 + pregnanolone 100uM 64+7°
pCa 5.5 + allopregnanolone 100uM 51+5¢
pCa 5.5 + 17B-estradiol 100uM 43+21
pCa 5.5 + androstendione 100puM 40=£5
pCa 5.5 + cholesterol 100uM 38+2
pCa 5.5 + mixture of neurosteroids ” 5021

Relative A¥m was assessed by monitoring the ratio of JC-1 fluorescence intensities at 605DF32
and 522DF35nm and is expressed as a percentage or control at pCa 7.0.

“ Difference compared with pCa 5.5 group, p < 0.05, n = 7-27

 Mixture of neurosteroids contained 150nM DHEA, 200nM DHEAS, 900nM pregnenolone,
100nM pregnenolone sulphate and 4nM pregnanolone.

The effect of DHEA depended on the extra-mitochondrial [Ca*'] used. As
demonstrated Figure 9, the increasing of external Ca®" (up to 32uM of free ion,
pCa 4.5) produced a bell-shaped curve: the initial small increase of mito-
chondrial membrane potential was followed by a decrease when pCa exceeded
6.5. In the presence of 100uM DHEA, however, the initial rise was significantly
higher and the whole curve for membrane potential was shifted to the right.
Thus, while in control preparations the membrane potential fell to half of the
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initial value at pCa 5.7 (2uM), the same level (50% of control value) was
achieved significantly later, at pCa 5.3 (SuM) in the DHEA treated group.
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Figure 9. Effect of DHEA on mitochondrial membrane potential at different free Ca2+
concentrations. Skinned neurons incubated at different free Ca2+ concentrations in the
presence or absence of 100 uM DHEA were stained with JC-1. Relative AY was
assessed by monitoring the ratio of JC-1 fluorescence intensities at 605DF32 and
522DF35 nm and is expressed as a percentage of control at pCa 7.5. Asterisk signifies
difference between groups, P<0.05, n=6-14.

It should be noted here that a similar shift, however, more potent, was observed
in the presence of the inhibitor of mitochondrial Ca*" influx, ruthenium red, e.g.
10uM ruthenium red led to an increase in membrane potential at pCa 7.0 and
was also protective at higher Ca concentrations between pCa 5.5 and 4.5. At the
same time CGP-37157 or cyclosporin A, inhibitors of mitochondrial Ca** efflux
pathways, did not reverse the protective effect of DHEA. Both compounds
alone had no effect on membrane potential suggesting that DHEA do not acti-
vate the Ca>" efflux pathways but rather inhibit the influx of Ca*" into the mito-
chondrial matrix.

DHEA effects on mitochondrial calcium accumulation

To determine whether the effects of DHEA on mitochondrial membrane poten-
tial are associated with intramitochondrial [Ca®*"] we carried out experiments to
directly measure free [Ca®'] in the mitochondrial matrix.

First, we measured the X-rhod-5F response following the increase in extra-
mitochondrial [Ca*"] up to pCa 5.5 in the presence of Ca efflux inhibitors, CGP-
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37157 and cyclosporin. The calcium accumulation was partially inhibited in the
presence of 100uM DHEA. For quantitative analysis, the mean intensity of
X-—rhod—5F fluorescence was determined in 820 random microscopy fields
(200-300 neurons per field). The results show that high extra-mitochondrial
[Ca’] led to a three-fold increase of fluorescence intensity over the control
values from which 30% was reduced by DHEA (Figure 10).
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Figure 10. Measurement of free [Ca2+] in the mitochondrial matrix. Skinned neurons
stained with X-Rhod-5F-AM were incubated at pCa 7.0 as a control or at pCa 5.5 in the
absence or presence of 100 uM DHEA or 30 uM Ruthenium Red. All experiments were
performed in the presence of 10uM CGP-37157 and 10 uM cyclosporin to block the
mitochondrial Ca2+ efflux pathways. Relative free [Ca2+] in the mitochondrial matrix
was assessed by monitoring the X-Rhod-5F fluorescence intensity at 605DF32 nm.
Asterisk indicates significant difference vs. control and cross vs. pCa 5.5, P<0.01,
n=8-20.

Similar results were obtained when isolated mitochondria were used. Mito-
chondria were loaded with X-Rhod-5F, incubated at different pCa for 20min
and after that the intra-mitochondrial free Ca®" was detected. In this case,
treatment with DHEA at the same concentration as in situ experiments (100puM)
lowered significantly the sensitivity of mitochondrial Ca** accumulation to
extra-mitochondrial [Ca*'] (from 0.5+£0.1 to 0.9£0.2uM, P<0.01) without
affecting the maximal Ca®" concentration in the matrix (not shown). From these
results we conclude that DHEA inhibits partly the Ca®" influx into the mito-
chondrial matrix.
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Regulation of mitochondrial shape in cultured neurons

Regulation of mitochondrial volume

Mitochondrial membrane potential causes the ions of opposite sign of charge to
leak through the inner mitochondrial membrane, which are extruded from mito-
chondria in order to prevent swelling and lysis. Thus, dynamic regulation of
mitochondrial ion flux, particulary potassium flux, is essential for structural and
functional integrity of mitochondria. Still, several major questions concerning
the mechanisms, extent and relevance of mitochondrial volume regulation have
remained unanswered. Until now further research in that direction has been
significantly impeded through lack of the adequate methodology allowing us to
study the mitochondrial volume in their natural cellular environment.

Using the deconvolution confocal microscopy we quantified the volume as
well of other morphological parameters of single neuronal mitochondrion in
permeabilized culture of cerebellar granule cells. Figure 11A shows typical
surface rendered reconstruction of 3D data sets of mitochondria in situ in
control conditions. Mitochondria appear rod-shaped with an average length of
2294 + 104 nm and with an average diameter in focal plane of 207 £ 6 nm
(determined from 42 mitochondria from 42 different preparations). Diameter
measured along the optical axis (z axis) was smaller, 155 + 9 nm.

Figure 11. Isosurface 3D reconst-
ruction of a MitoTracker Green
stained mitochondrion in permea-
bilized neuron before (A) and
5 min after (B) treatment with
10 pM valinomycin (frame size
2250 x 500 x 500 nm). Inserts de-
pict the XY maximal projections of
respective images series. Panel C
depicts the morphological para-

C meters of 11 mitochondria before
Parameter Control Valinomycin  Change (COIltI‘Ol) and after valinomycin

diameter, (nm) 202+8 37334 8524 % treatment, and gives the mean
diameter,(nm) 146 + 12 222 + 24* 67 +25 %
lenght (nm) 2287 £291 1558 £ 207" -32:4% change from control values.
surface area (um?) 1.43 +£0.24 1.52+0.25 1M1+9% ES sk sk
specific surface area (um™) 25.3 + 1.3 18.4 +1.0** -25+5% p<0’05’ p<0'01 and
volume (um?) 0.062 +0.012 0.089 +0.019* 63%22% p<0.001
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The effect of potassium ionophore valinomycin

Our next step was to estimate remodeling of the mitochondrial morphology in
response to various stimuli modulating transmembrane potassium flux. First, the
mitochondria were incubated with 10 uM valinomycin, which acts as a mobile
carrier ensuring the potential-driven net potassium uptake thus inducing the
mitochondrial swelling. In our preparation, treatment with valinomycin led to a
fast response in mitochondrial morphology within minute — the mitochondrion
that was initially thread-like in structure became notably rounded. Three-D
reconstructions of the same mitochondrion before and after valinomycin
treatment clearly demonstrate that shortening of the mitochondrion was
accompanied with its thickening both in optical plane and along the optical axis
(Figure 11B). Morphometric analysis (Figure 11C) shows that observed
shortening of mitochondria was not associated with any considerable change in
mitochondrial surface area. However, it was characterized by a statistically
significant 1.6-fold increase in the mitochondrial volume. Similar, a 1.75-fold
increase was observed also for the specific surface area (ratio between surface
area and volume) indicating change in morphology.

The effect of K,rp-channel opener pinacidil

Similar changes were observed when mitochondria were exposed to an ATP-
sensitive K™ channel opener, 100 uM pinacidil (Figure 12). It should be noted,
however, that in contrast to the response to valinomycin where the swelling was
uniform, different subpopulations of mitochondria tended to respond differently
to pinacidil. As shows Figure 12, some of the mitochondria become notably
rounded when others shortened just slightly. Another feature of the pinacidil
response was the transient nature of swelling. Some of the mitochondria tended
to restore their original shape after initial swelling. It is important to note here
that when compared with treatment with valinomycin collapsing the membrane
potential, mitochondrial membrane potential was still relatively high in
pinacidil-treated mitochondria even in case of swelling (Figure 13C).

Figure 12. Effect of 100 uM pinacidil on mitochondrial morphology in permeabilized
neurons. Panel A — mitochondria in control conditions, panel B — the same mitochondria
after pinacidil treatment.
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Figure 13. Visualization of mitochondrial membrane potential
by JC-1 in control (A) and with 10 uM valinomycin (B), 100 uM
pinacidil (C), 20uM FCCP plus 50 uM oligomycin (D), 25 mM
azide (E) or 100uM antimycin plus 50 uM oligomycin (F)
treated permeabilized neurons (green, emission at 522DF35 nm
—low potential; red, emission at 605DF32 nm high —potential).



The effect of inhibitor of K/H exchanger

When the mitochondria were exposed to 500 puM propranolol inhibiting
mitochondrial K'/H" exchanger, the swelling was very fast and within minutes
the mitochondria seemed to loose their membrane integrity and lost the
mitochondrial marker. Only few mitochondria remained intact after 5 minute
treatment with propranolol (Figure 14).

Figure 14. Effect of 500 pM propranolol on
mitochondrial morphology in permeabilized neu-
ron. Panel A shows the mitochondria in control
conditions and panel B the same mitochondria
after propranolol treatment.

The effect of uncoupling

We next examined the effects of the mitochondrial uncoupler FCCP, which
rapidly dissipated the mitochondrial membrane potential. Figure 15B de-
monstrates that treatment with 20 uM FCCP in the presence of leads to similar
changes in mitochondrial morphology as valinomycin does. After 5 min treat-
ment with FCCP, mitochondria become shorter and their width in focal plane
and thickness in optical axis increased significantly (Table 3). These changes in
mitochondrial morphology were also associated with a significant 1.75 fold
increase in volume without marked changes in mitochondrial surface area.
Similar results were obtained when mitochondria where treated with FCCP in
the presence of 50 uM oligomycin. Figure 13D confirms that under our treat-
ment conditions, the mitochondrial membrane potential was indeed collapsed
after FCCP treatment.
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Figure 15. Isosurface 3D reconstruction of a MitoTracker Green stained mitochondrion
in permeabilized neuron before (A, C, E) and 5 min after treatment with 20 pM FCCP
plus 50 pM oligomycin (B; frame size 2385 x 450 x 450 nm) or 25 mM azide (D; frame
size 2040 x 750 x 750 nm) or 30 min after treatment 100 pM antimycin plus 50 pM
oligomycin (F; frame size 2730 x 615 x 615 nm). Inserts depict the XY maximal pro-
jections of respective image series.
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Table 3. Morphological parameters of mitochondria

FCCP (n=10) Control Treatment Change
diameter,, (nm) 215+13 386 £+ 49* 89+31%
diameter, (nm) 176 £ 16 201 £ 29** 76 £22 %
lenght (nm) 2286 + 166 1575 £ 142%* -30£5%
surface area (um?) 1.43+0.13 1.57+0.15 14+11%
specific surface area (um ) 246+19 17.3 £ 1.1%* -27+6%
volume (um?) 0.063 = 0.008 0.098 + 0.015* 75+£22 %
AZIDE (n=10) Control Treatment Change
diametery, (nm) 203 £11 460 + 49%** 129+ 23 %
diameter, (nm) 140 £ 15 240 £ 39* 93 +47 %
lenght (nm) 2180 + 168 1252 + 114%** —41+5%
surface area (Lm?) 1.16 £0.11 1.48 £0.21 32+15%
specific surface area (um ) 279+1.8 17.2 £ 1.1%* -37+4%
volume (um?) 0.045 + 0.006 0.095 £ 0.019* 133+45 %
ANTIMYCIN (n=9) Control Treatment Change
diametery, (nm) 213+£9 454 + 48%*** 124 £ 26 %
diameter, (nm) 149 +£20 261 £43* 94 +39 9%
lenght (nm) 2416 + 198 1628 +210* -32+7%
surface area (um?) 1.53+£0.19 1.78 £0.19 23+£20%
specific surface area (um ') 27.1+£3.1 18.2 £2.4% -29+8%
volume (um?) 0.067 + 0.011 0.1113 £0.017* 139+ 76 %

Comparisons of morphological parameters of mitochondria in permeabilized neurons before and
after treatment with FCCP (20 uM + 50 uM oligomycin), 25 azide (mM ) or antimycin (100 pM
+ 50 puM oligomycin). Parameters were measured from isosurface 3D reconstructions of the
MitoTracker Green stained mitochondria. Change — mean change from predrug (control) values.
* p<0.05, ** p<0.01 and *** p<0.001.

The effect of inhibiton of respiratory chain

Next, we tested the effects of two inhibitors of respiratory chain, antimycin and
sodium azide, inhibiting respectively succinate-ubiquinone reductase and cyto-
chrome c oxidase. In case of antimycin also oligomycin was added to prevent
the potential reverse activity of mitochondrial ATP synthetase. In control
experiments where oligomycin was added alone, no change in mitochondrial
morphology was detected. Oligomycin was not added in case of azide as the
latter have been shown to inhibit ATP synthase itself (Vasilyeva et al., 1982;
Muneyuki et al., 1993). Figures 13 and 15 demonstrate that similarly to FCCP,
30 min treatment with antimycin plus oligomycin or 5 min treatment with azide
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collapsed the mitochondrial membrane potential and induced evident changes in
mitochondrial morphology. As seen in the Table 3, both treatments led to more
than 2 fold increase in the mitochondrial volume with slight and statistically
insignificant increase in mitochondrial surface areas.

To check whether these effects of uncoupling and respiratory chain inhi-
bition are related to potassium flux, we performed similar experiments also in
the absence of potassium, in sucrose media. Under these conditions, treatment
with FCCP or azide had no effect on mitochondrial morphology (results not
shown).

To exclude the possibility that observed effects are artifacts present only in
our artificial conditions (plasma membrane permeabilized cells, specific milieu,
room temperature), we tested also the effect of FCCP and azide in intact neu-
rons in their cell culture media at 37°C. The results demonstrated that changes
observed in permeabilized preparations were present also, and even more
visibly, in intact preparations (Figure 16).

Figure 16. Effect of FCCP and azide on mitochondrial morphology in intact neurons in
their cell culture media at 37°C. Panel A shows the mitochondria in control conditions
and panels B and C after treatment with 20 pM FCCP and 25 mM azide, respectively.

Changes in mitochondrial volume affect the transport
of mitochondria in neurons

The next important question was whether such a remodeling of mitochondrial
morphology could affect dynamic behavior of mitochondria in neurites. We
tracked the motility of single mitochondria under control conditions during 5
minutes. Analysis of the track data shows that as an average the mitochondria
spent 65+2% (n=120) of time in motile state. Average mitochondrial velocity
during measurement period was 0.19+£0.01 pm/s (range 0-0.62 pm/s with
median 0.16 um/s and mood 0.23 um/s, n=120). However, treatment with diffe-
rent swelling-inducing agents like valinomycin, FCCP and azide, lead to
immediate and complete cessation of mitochondrial traffic. As demonstrates
Figure 17, the mitochondria lost almost completely their motility and remained
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in stationary most of the time and as well the average velocity of these mito-
chondria during measurement period that included both stationary and motile

states dropped more than 20-fold.
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Figure 17. Effect of valinomycin
(10 uM), FCCP (20 uM) and azide
(25 mM) on mitochondrial motility
in intact neurons as measured by
percentage of mitochondria in mo-
tile state (A) or average velocity
(B). Panel C shows the correlation
between mitochondrial diameter
and motility in the presence of
pinacidil. Insert depicts the same
correlation as a bar-graph.

However, mitochondrial traffic is energy dependent process and valinomycin,
FCCP or azide are disrupting the mitochondrial membrane potential affecting
energy supply. Observed changes could be thus related to energy failure of
neurons rather than to the mitochondrial morphology. To differentiate between
these two options, we took an advantage of heterogeneous effect of the pinacidil
and the fact that pinacidil is not disrupting the mitochondrial membrane
potential even in swollen mitochondria (see Figure 13). Effect of pinacidil was



heterogeneous also in intact neurons e.g. part of the mitochondria begun to
swell while another part remained unchanged. We then measured the diameter
of mitochondria from 2D deconvoluted images and tracked the motion of each
of these mitochondria. Results of these measurements plotted in Figure 17C
show clear relationship between diameter and motility: mitochondria with
higher diameter were mostly in stationary state while mitochondria with lower,
normal diameter kept moving. It should be also remarked here that this process
was reversible. Swollen stationary mitochondria become sometime motile after
they restored their normal rod shape morphology. These results show clearly
that mitochondria morphology could be one of the factors controlling mito-
chondrial traffic.

Reconstruction of mitochondria in neuronal processes and
their colocalization with cytoskeleton

We can provide two explanations how this could be happen. First, the increase
in mitochondrial diameter could mechanically hamper the mitochondrial
passage in narrow neurites. We stained the cytoplasm in neurites with Cell
Tracker Green and measured the diameter of cytoplasm in neurites from 3D
reconstructions of these images. Mean diameter of cytoplasm in neurites,
measured in focal plane, was 294418 nm (n=21, range 164—500) and thus at the
same range with mitochondrial diameter (207 + 6 nm) at control conditions
visualized in Figure 18A. In the presence of agents used to induce
mitochondrial swelling no change in diameter of neurites was observed while
mitochondrial diameter increased considerably (Figure 18B).

Another option could be that increased mitochondrial roundness could
decrease the number of potential contact sites between microtubules and
mitochondria for motor proteins. In Figure 18CD, where paclitaxel (Taxol)
conjugated to Oregon Green was used to visualize tubulin and MitoTracker Red
for mitochondria, shows that the contact between mitochondria and myo-
filaments is decreased indeed. These result suggest that both options, increased
mitochondrial diameter exposing mechanical constraints and increased
roundness decreasing the contact sites with neurofilaments could be related with
decreased motility of swollen mitochondria.
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Figure 18. Visualization of mitochondria by MitoTracker Red
with cytoplasm (A and B; stained by CellTraker Green) or
microtubules (C and D: stained by paclitaxel conjugated to
Oregon Green) in intact neurons. Panels A and C — control,
panels B and C swollen mitochondria in the presence of 100 uM
pinacidil. In panels A and B the red channel is superimposed to
the green channel to improve visualization of mitochondria in
neurites. Note also that microtubules in panels C and D appear
considerably thicker since the deconvolution process could not
fully restore such thin structures.



DISCUSSION

Measurement of mitochondrial function in situ in
permeabilized neuronal cultures

Understanding the role and mechanisms of the involvement of mitochondria in
neuronal diseases is of principal importance for elaborating the optimal
therapeutic strategies. Studies of neuronal mitochondria, however, have been
limited mostly to the use of purified preparations of mitochondria, homogenates
or living neurons or neuronal tissues. All these methods have serious drawbacks
(either the mitochondria become damaged or affected by cytoplasmic processes)
and does not allow to study the function of neuronal mitochondria in their
natural milieu e.g. in cells but without influence of cytoplasmic factors. Here we
demonstrate that the neuronal cell’s membrane can be effectively permeabilized
by saponin-treatment and that the permeabilized neurons could be used for
qualitative and quantitative assessments of mitochondrial functions, such as
oxygen consumption in combination of mitochondrial membrane potential and
free calcium in the matrix.

First our results show that the mitochondrial membrane potential in
permeabilized neurons was effectively controlled by substrates and uncoupler
that was demonstrated by using the ratiometric fluorescence dye JC-1. In our
experiments, application of respiratory substrates was associated with the
increased red fluorescence in the mitochondria, this suggesting reaching of
Aym above 100 mV, whereas FCCP effectively abolished this change. This
effective buildup of membrane potential would have been impossible were the
mitochondrial inner membrane impaired.

Second, our results show that the mitochondrial inner membrane preserved
its property to effectively control the Aym -dependent accumulation of Ca*"
into the matrix in case of cytoplasmic Ca>" overload, that could not be detected
when inner mitochondrial membrane is permeabilized.

Third, the respiration of mitochondria was effectively controlled by different
respiratory substrates and ADP in saponin-permeabilized neurons. In our
experiments the proton leak (the basal respiration rate) increased in response to
different substrates according to the following order glutamate/malate<
succinate<TMPD+ascorbate. These substrate-specific differences of non-
phosphorylating respiration can be attributed to different number of the sites of
coupling of electron flow to the H™ pump, i.e. 3, 2 and 1, in the presence of
glutamate/malate, succinate, and TMPD+ascorbate, respectively (Guérin, 1991).
When the oxidative phosphorylation was induced by the addition of ADP (state
3), the highest rates of respiration were registered in the presence of
TMPD++ascorbate and succinate, whereas the lowest rate was observed in the
presence of glutamate/malate. These results suggest that respiration rates with
NAD-linked substrates are limited at the level of the complex I or upstream and
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may not truly reflect the oxidative capacity of mitochondria. Mitochondrial
studies in permeabilized neurons (or isolated neuronal mitochondria) should
thus include measurements of respiration rates supported both by NADH and
FADH linked substrates. In case when only one substrate should be used then
succinate should be preferred as it gives higher respiratory values and better
RCIL

Effect of neurosteroids on mitochondrial function

Many evidences indicate that mitochondrial dysfunctions play an important role
in the pathophysiologic mechanisms of acute neurodegeneration caused by
ischemia. Cytoplasmic Ca*" overload and subsequent Ca’" accumulation in the
mitochondrial matrix are among the most devastating events of ischemic
damage. Resultant loss of mitochondrial membrane potential and the conco-
mitant decline in energy production are associated with the increased open
probability of the mitochondrial permeability pore. Opening of the latter is a
catastrophic event leading to the “death” of mitochondrion that will initiate
pathways to cell death (Leist and Nicotera, 1998; Nicholls and Budd, 2000).
Thus, any compound that could block the mitochondrial Ca** influx reducing
thus the mitochondrial [Ca®"], preserves the mitochondrial membrane potential
and thereby protects cells from the initiation of death cascades.

The present study demonstrates that DHEA and as well the other neuro-
steroids inhibit Ca®" influx into the mitochondria. The mitochondrial calcium
uptake pathway is electrogenic and is expected to cause a depolarization of the
mitochondrial potential. Inhibition of Ca’" influx, on the other hand, should
have an opposite effect and support the mitochondrial membrane potential.
Indeed in the presence of DHEA, suggested to inhibit that pathway, and at free
Ca”" concentrations higher than 0.32uM, the mitochondrial membrane potential
was always higher than in the control group. On the other hand, the effect of
DHEA either on membrane potential or Ca*" accumulation was not modulated
by the inhibitors of mitochondrial Ca®" efflux pathways suggesting that the
observed effect was due because of inhibiting the influx and not because of the
activating of efflux pathways. Moreover, the observed effect of DHEA was also
evident at conditions of Ca®" overload (at pCa 6-5). The latter allows the
suggestion that in the presence of DHEA the mitochondria could be more
resistant to cytoplasmic Ca*" overload.

In our experiments, the protective effect of DHEA became evident at
micromolar concentrations and achieved 50% level at 15uM concentration. This
is in the same range as observed in some in vitro experiments showing that
DHEA protects hippocampal cells or hippocampal neurons against oxidative
stress or excitotoxic damage at uM concentrations (Bastianetto et al., 1999;
Cardounel et al., 1999). Blood levels of DHEA(S) range within 1-10uM but
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only a very small fraction of it circulates as free steroid (Baulieu et al., 1998,
2000). Although the free form dominates in the brain, its concentration does not
reach micromolar levels (Bixo et al., 1997). This makes it unlikely that DHEA
alone could affect the mitochondrial Ca®* homeostasis in physiological condi-
tions. However, our finding, that also other neurosteroids, pregnenolone, preg-
nanolone, allopregnanolone and also estradiol had a similar effect, suggests this
effect to be not specific to DHEA but rather to several neurosteroids. Structural
requirements for steroid interaction with the mitochondria seem to involve a-
hydroxyl at C3 of the steroid A ring. At the same time, cholesterol alone was
ineffective suggesting that the above-mentioned effect is not common for all
steroid structures.

Considering that the concentration of free neurosteroids is much higher in
the brain than in blood and reaching to the micromolar level (Weill-Engerer et
al., 2002; Bixo et al., 1995; Lacroix et al., 1987), it cannot be excluded that the
pool of endogenous neurosteroids in the brain acts as a gatekeeper for mito-
chondrial Ca®" influx, regulating thus the mitochondrial response to cytoplasmic
Ca®" overload. This is supported by our results showing that the mixture of
neurosteroids at concentration range observed in the human brain (Weill-Enge-
rer et al, 2002) protected mitochondrial membrane potential from cytoplasmic
Ca*" overload.

Regulation of mitochondrial volume and
it’s physiological role in neurons

Mitochondrial volume homeostasis is essential for maintaining the structural
integrity of the organelle and is one of the factors controlling electron transport,
ROS production and the release of apoptotic factors by mitochondria. However,
several major questions remain concerning the mechanisms, extent and
relevance of mitochondrial volume regulation. Until now, research in that
direction has been impeded due to the lack of techniques for studying mito-
chondrial volume in their natural cellular environment. When using fluo-
rescence microscopy, the diffraction limit restricts resolution of objects smaller
than ~250 nm (for green light) and because of diffraction caused blur mito-
chondria with actual diameter around 200 nm appear in these images consi-
derably thicker (400-500 pm) than they are. Moreover, as the blur depends on
object roundness, the thin rod-like structures appear considerably more enlarged
than spherical objects. It is therefore difficult if not impossible to conclude in
what extent and even in what direction the mitochondrial volume changes. This
could explain also the ambiguity of previous studies where decreased
mitochondrial length has been related with both decreased mitochondrial size
(Rintoul et al., 2003) and increased mitochondrial volume (Kahlert and Reiser,
2002).
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However, properly calibrated 3-D deconvolution analysis used by us allows
to remove diffraction-induced blur and to visualize mitochondrion in it’s actual
size. Volume measurements based on 3D reconstructions of these deblurred
images show that described transition from rod-shape to spherical morphology
could be associated with more than two-fold increase in mitochondrial volume.
These observations demonstrate that changes in mitochondrial volume could be
much more substantial as suggested before and not limited to 10-20 percents
(Das et al., 2003). It is important to note that even when the mitochondrial vo-
lume increases more than 2-fold the surface are is not increasing significantly.

Our results also demonstrate very clearly that mitochondrial depolarization
increases the mitochondrial volume. Treatment either with uncoupler or diffe-
rent respiratory chain inhibitors led to obvious remodeling of mitochondrial
morphology accompanied with 75-150% increase in mitochondrial volume.
Similar results showing that mitochondrial uncoupler induces mitochondrial
shortening and increased roundness has been published before but they lack the
numerical data of mitochondrial volume (Gao et al., 2001; Minamikawa et al.,
1999; Lyamzaev et al., 2004). It should be marked, however, that two other
reports failed to demonstrate significant change in mitochondrial morphology in
response to uncoupler (Rintoul et al., 2003; Kahlert and Reiser, 2002). One
major limitation of previous studies done in living cells is that it was difficult to
discriminate the primarily occurring mitochondrial events from those secon-
darily caused by cellular dysfunction and initial events of cell death. Here we
used plasma membrane permeabilized neurons to ensure that all observed
events are primarily mitochondrial.

What could be the mechanism underlying the observed swelling? Mito-
chondrial steady-state volume reflects a zero net flux balance between K influx
and K" efflux via the mitochondrial K'/H" antiporter. Although, it has been
suggested that the balance of K™ fluxes is shifted toward influx (last reviewed
by Garlid and& Paucek, 2003), an opposite possibility cannot be excluded.
Potassium extrusion in energized mitochondria may overbalance the influx
keeping mitochondria contracted. On the contrary, in deenergized mitochondria
where extrusion pathway becomes inhibited, the potassium influx could exceed
it’s extrusion. Although indirectly, our results will suggest that the last
possibility is applied in neurons. If this model is correct, then the contribution of
the exchanger is more important than influx as loss of membrane potential
inhibits also the flux directed to the matrix. This hypothesis is supported by our
finding that propranolol inhibiting the K'/H' antiporter induces dramatic
mitochondrial swelling.

Increase of mitochondrial volume in response to decreased in mitochondrial
potential may meet different needs and will give the answer to several currently
opened questions: First, it is suggested that increase in matrix volume will
activate the respiratory chain, providing more ATP to support the cell (Halest-
rap, 1989; Grover and Garlid, 2000; O’Rourke, 2000). When the need for ATP
is high and mitochondria are synthesizing ATP at very high rates then Aym
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decreases. If depolarization induced the mitochondrial contraction (as proposed
by Garlid and Paucek, 2003) this would favor a decline in ATP production
being a bizarre regulatory mechanism. Our results, however, evidence more
logically that energetic stress followed by a decrease in Aym could be associa-
ted with increase in matrix volume and thus activate further the respiratory
chain.

Second, mitochondrial swelling is associated with ischemic and apoptotic
cell death. Recent work by Gogvadze et al. (2004) suggests that one of the key
events of the cell death, release of cytochrome ¢, could be actually triggered by
increased in mitochondrial volume. Under these circumstances it is hard to
believe that respiring mitochondria are continuously in semi-swollen state and
contract in ischemic conditions when potential decreases. Current results
suggesting that actively respiring mitochondria remain in contracted and
ischemic mitochondria in swollen state suit more with that hypothesis.

Third, our results suggest that mitochondrial volume is increasing in extent
that it is able to issuing the mechanical signals to neighboring structures. Be-
cause of the extreme dimensions and asymmetry of neurons, their energetic
demands are distributed very heterogeneously over long distances that preclude
efficient delivery by diffusion. Mitochondria are therefore actively shuttling
along microtubules carried by motor proteins such as kinesin and dynein and
tend to concentrate to regions where the demand for mitochondrial function is
highest. However, it should be considered that this traffic occurs in narrow
neurites with diameter ranging between 150-300 nm that matches with diameter
of mitochondria in normal conditions. On the other hand, mitochondria which
have opened potassium channels or loosed their membrane potential are having
more than twice higher diameter ranging up to 800 nm. It could be thus
suggested that increased mitochondrial volume and resulting remodelling of
mitochondrial morphology could produce mechanical constraints and decelerate
the mitochondrial traffic in neurites. Another possibility is that the geometry
remodelling decreases the number of potential contact sites that motor proteins
can use to carry the mitochondria along the microtubules. Could this be the one
of the mechanisms which coordinates the mitochondrial traffic? We propose
that the mitochondrial volume could serve as a fine tuning factor regulating
mitochondrial recruitment to regions with high energy needs. High ADP/ATP
ratio characteristic to these regions have shown to be responsible for opening of
mitochondrial Karp channels and decreased mitochondrial membrane potential
that both increase the mitochondrial volume. Increased volume leads to
remodeling of mitochondrial morphology and decelerates the mitochondrial
movement in these regions. As a result the number of mitochondria in the
region increases and the energy supply improves. In response to decreased
ADP/ATP ratio, the mitochondrial volume decreases and mitochondria are free
to leave the region.
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CONCLUSIONS

1. Mitochondria in saponin-treated cerebellar granule cells are structurally
intact and functionally preserved in terms of both the respiratory activity and
membrane potential. The permeabilized neuronal cultures may be used as a
test system for engineering of new pharmacological agents to correct the
pathological states of the brain cells.

2. Neurosteroids protect neuronal mitocondria from Ca*" overload by inhibiting
Ca’" influx into the mitochondrial matrix.

3. A decline in mitochondrial membrane potential produces rapid and sub-
stantial increase in volume of neuronal mitochondria. Furthermore, these
changes could be physiologically relevant as twofold increase in mito-
chondrial volume and accompanying remodeling of mitochondrial morpho-
logy affects the mitochondrial traffic in neurites.
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SUMMARY IN ESTONIAN

Mitokondrid viikeaju granulaarrakkude kultuuris:
mitokondrite funktsiooni iseloomustus, mahu regulatsiooni
mehhanismid ning interaktsioonid neurosteroididega

Mitokondrites toimuv oksiidatiivne fosforiiiilimine on nérvirakkude peamine
energiaallikas. Neuronid on, polaarsed rakud ning mitokondrid paiknevad nii
rakukehas kui jitketes. Mitokondrite normaalne funktsioneerimine ning liiku-
mine jitketes on vajalik energia varustuse tagamiseks koigis neuroni osades.
Lisaks energiaproduktsioonile osalevad mitokondrid ka programmeeritud
rakusurma protsessis vabastades kahjustuse korral apoptoosi kidivitavaid valke.
Mitokondrid osalevad ka rakusisese kaltsiumi homdostaasi regulatsioonis.
Mitokondrite tdhtsus raku homdostaasis selgitab ka seda, miks mitokondrite
funktsiooni hiireid seostatakse mitmete patoloogiatega. Mitmed neuro-
degeneratiivsed haigused on seostatavad hiiretega oksiidatiivses fosfortiiili-
mises (Parkinsoni tobi), mitokondriaalse DNA mutatsioonidega (Leberi nige-
misndrvi atroofia) voi héiretega mitokondrite aksonaalses transpordis (Hunting-
toni tdbi, Alzheimeri tobi).

Mitokondrites toimub osaliselt ka steroidhormoonide siintees. Kuigi steroi-
dide siinteesis osalevate tsilitokroom p450 ensiiiimide korge aktiivsus on omane
peamiselt steroidogeensetele kudedele, siinteesitakse mitmeid steroide ka ajus,
nii gliila kui ka neuronite poolt. Neid, nn. neurosteroide peetakse neuro-
protektiivseteks ning nende toime ei avaldu mitte ainult genoomsete mehha-
nismide kaudu, vaid tulenevalt interaktsioonidest raku pinna retseptoritega voi
ka mitokondritega.

Vorreldes teiste kudede mitokondritega on neuronaalsetel mitokondritel
mitmeid eripdrasid. Kuigi enamik teadmisi neuronaalsete mitokondrite
funktsioonist pdhinevad katsetel isoleeritud mitokondritega, ei vdimalda need
tehnikad uurida spetsiifiliselt neuronite mitokondreid, sest ligi pool aju
rakkudest on gliia rakud. Samuti saab mitondrite isoleerimise kéigus kahjustada
mitokondrite struktuur.

To6 eesmdirgid ja tulemused

1. Rakendada selektiivse permeabiliseerimise meetodit mitokondrite funkt-
siooni uurimiseks primaarsetes neuronaalsetes kultuurides in situ:
Rakukultuuris kasvatatud véikeaju granulaarrakke toddeldi saponiiniga, mis
permeabiliseeris rakkude plasmamembraani, kuid jittis mitokondrite memb-
raanid intaktseks. Mitokondrite funktsionaalsust permeabiliseeritud neuronites
hinnati modtes mitokondrite membraanipotentsiaali, kaltsiumi akumuleerumis-
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voimet ning hapnikutarbimist. Tulemused néitasid, et mitokondrid séilitavad
permeabiliseeritud plasmamembraaniga neuronites intaktsuse: sdilib nii hapiku-
tarbimine, membraanipotentsiaal ning kaltsiumi akumuleerimisvdime.

2. Selgitada kas neurosteroidid mdjutavad neuronaalsete mitokondrite funkt-
siooni.

Neurosteroidide vodimalikku protektiivset toimet uuriti premeabiliseeritud
neuronites kaltsiumi iilekoormuse mudelis. Tulemused néitasid, et nii dehiidro-
epiandrosteroon kui ka mitmed teised neurosteroidid kaitsevad neuronaalseid
mitokondreid tsiitoplasmaatilise kaltsiumi iilekoormuse eest takistades mito-
kondri membraanipotentsiaali langust ja kaltsiumi {ileliigset akumuleerumist
mitokondri maatriksisse.

3. Selgitada mitokondrite mahu regulatsiooni mehhanisme ja selle vdimalikku
fiisioloogilist tdhendust neuronites:

Mitokondrid margistati permeabiliseeritud neuronites fluorestsentsmarker
MitoTracker Green’ga ning nende morfoloogiline analiiiis teostati laserkonfo-
kaalmikroskoopia ja dekonvolutsiooni meetodi abil. Tulemused néitasid, et
mitokondrite maht muutub mitokondrite membraanipotentsiaali ja kaaliumi-
voolude muutumisel. Samuti viitavad tulemused sellele, et mitokondri mahu
suurenemisel aeglustub mitokondrite transport neuronaalsetes jétketes.

Jdreldused

1. Mitokondrid séilitavad permeabiliseeritud véikeaju granulaarrakkude kul-
tuuris struktuurse terviklikkuse ja funktsiooni — siilib respiratoorne aktiivsus
ning membraanipotentsiaal. Permeabiliseeritud neuronaalne kultuur on seega
sobivaks mudeliks farmakonide toimemehhanismide uurimiseks.

2. Neurosteroidid kaitsevad mitokondreid kaltsiumi iilekoormuse eest inhi-
beerides kaltsiumi sissevoolu mitokondrisse.

3. Mitokondrite membraanipotentsiaali langus pohjustab kiire ja olulise mito-
kondrite mahu suurenemise, mis pérsib nende organellide liikumise neuro-
naalsetes jitketes.
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