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SUMMARY

Mitochondrial dysfunction has been shown to develop as part of the aging process and
has been implicated in chronic neurodegenerative disorders such as Parkinson’s
disease, Alzheimer’s disease, amyotrophic lateral sclerosis and Huntington’s disease.
However, the initial aetiology of these disorders remains unclear, and the role of
mitochondrial dysfunction in their pathogenesis has yet to be fully elucidated.
However, mitochondrial involvement in excitotoxicity and oxidative stress has been

postulated in affected brain regions in these disorders.

In this study, the control of the mitochondrial electron transport chain enzymes of in
situ nerve terminal mitochondria over glutamate release, mitochondrial membrane
potential (Ayn), plasma membrane potential (Ay,) and ROS production was
examined by titrating out the activities of the specific enzymes with appropriate
inhibitors. Inhibition of complex I activity by 40% with rotenone was found to result
in increased Ca’"-independent glutamate release rates from synaptosomes depolarised
with either 4-aminopyridine or KCI. Highest rates of glutamate release were found to
occur between 60 — 90% inhibition of complex I activity. In the absence of any
depolarising agent, glutamate efflux was not effected by any level of inhibition of
complex I activity. However, when combined with inhibition of glycolysis, the release
pattern was found to be similar to that in depolarised synaptopsomes. Inhibition of
glycolysis blocked Ca®’-dependent glutamate release rates from depolarised
synaptosomes. The increase in Ca’-independent glutamate release rates were found
to correlate with a significant decrease in ATP level, and complex I control over these

rates was shown to increase with age.

Complexes III and IV were found to have less control over Ca’’-independent
glutamate release rates from depolarised synaptosomes: inhibition of complex III by
up to 50 — 60% with myxothiazol and up to 85% with antimycin A had no effect on
glutamate release rates, nor did inhibition of complex IV activity by up to 85% with
KCN. However, inhibition of complex III or complex IV activities above these
threshold levels increased Ca’'-independent glutamate release rates from both
polarised and depolarised synaptopsomes. The increased Ca*'-independent glutamate

release rates were correlated to a fall in Ay, below a threshold of ~ -50 mV.
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Complex I was also found to have tighter control over Ay, in in situ synaptosomal
mitochondria than complex III or complex IV. Inhibition of complex I activity by
40% was found to be sufficient to partially depolarise Ay, whereas inhibition of
complex III activity by 70% or 90% (with myxothiazol and antimycin A respectively)
was required, and inhibition complex IV activity did not affect Ayy,. H,O, production
was shown to be reduced by depolarisation of Ay, using the uncoupler FCCP. Also,
H,0,; production was found to be increased in synaptosomes isolated from 18-month
old rats compared to those isolated from 6-month old rats, while resting Ay, was also
found to be decreased in the nerve terminals isolated from the older rats. The
relevence of such results in the context of aging and the pathogenesis of chronic

neurodegenerative disorders is discussed.
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Chapter 1

General Introduction



1.1 Bioenergetics of the nerve terminal

The metabolic rate in the mammalian central nervous system is extraordinarily high,
consuming 20% of the oxygen inspired at rest, despite only accounting for 2% of
bodyweight (Silver and Erecinska 1998). Much of the neuronal energy demand is
attributable to the nerve terminal, where the ATP is used to maintain ionic gradients
across the cell membranes. Nerve terminals and neurons generally are heavily reliant
on mitochondrial aerobic metabolism (Gunter ef al. 1994) and failure to maintain
adequate oxygen supply quickly leads to cell death (Navarro and Boveris 2004). At
least 70% of nerve terminal ATP is produced by mitochondria (Kauppinen and

Nicholls 1986a).

Mitochondria are organelles that consist of two compartments, separated by an inner
membrane. The inner membrane is highly invaginated, forming ‘cristae’, and encloses
the mitochondrial matrix. The intracristal spaces are continuous with the
intermembrane space, the second compartment. The outer membrane is permeable to
ions and small molecules via transmembrane channels called ‘porins’. The inner
membrane is only permeable to ions via ion-specific transporters, and is impermeable
to protons. ATP can be generated by mitochondria because of proton pumping by
enzymes across the mitochondrial inner membrane, which creates a proton gradient

that is tightly coupled to ATP production.

1.1.1 The electron transport chain and the chemiosmotic theory

The electron transport chain (ETC) consists of prosthetic groups of integral
proteins that transfer electrons in series (Navarro and Boveris 2007). The first of the
component of the ETC, complex I (NADH:ubiquinone oxidoreductase, EC 1.6.5.3)
catalyses the oxidation of NADH to NAD" at a redox potential of -300 mV, pumping
four protons out of the mitochondrial matrix to the intermembrane space in the
process (Fig. 1.1). It is composed of 45 different polypeptide subunits (Carroll et al.
2006) including 6 iron-sulphur centres (Hinchliffe and Sazanov 2005) and an FMN-
containing flavoprotein (Hatefi 1985). The ‘L-shaped’ form of complex I includes a
long hydrophobic arm, which is embedded in the mitochondrial inner membrane and

a short hydrophilic arm, which extends into the mitochondrial matrix, and which



contains the FMN and NADH active site (Hatefi 1985). These arms assemble
independently due to their separate genetic origin (Hothaus ef al. 1991). Rotenone
was found to be a specific and stoichiometric inhibitor of complex I activity in
isolated mitochondria by Chance and Williams (1956), and all rotenone-insensitive
NADH oxidation in NADH dehydrogenase preparations is thought to occur via

denatured forms of complex I (Navarro and Boveris 2007).

Complex II (Succinate:quinone oxidoreductase (EC 1.3.5.1) catalyses the oxidation of
FADH, to FAD", and also functions as a component of the citric acid cycle. Both
complex I and complex II can reduce ubiquinol/ubiquinone, which, when donating
electrons to complex III (QH2:cytochrome ¢ oxidoreductase, EC 1.10.2.2), causes
another four protons to pass from the matrix to the intermembrane space (fig. 1.1).
Cytochrome c is then reduced by complex III at a redox potential of approximately +
250 mV and donates the electrons to complex IV (ferrocytochrome c:oxygen
oxidoreductase, EC 1.9.3.1), which converts O, to 2H,0O with four electrons from the
reduced cytochrome c. In doing this, it consumes 4 protons from the mitochondrial
matrix. The complexes of the electron transport chain are thought to assemble into

supercomplexes, with stoichiometric ratios between the individual complexes.

Although research indicates that supercomplexes in cardiac and brain mitochondria
contain a I;III; component (Schafer ez al. 2006), it is not yet clear what the ratio of
complex IV to the other complexes is, and the ratio may vary within brain
mitochondria (Reifschneider et al. 2006). The combined proton-pumping of the
supercomplexes scattered throughout the inner mitochondrial membrane creates an
electrochemical gradient (of protons) across the membrane (Nicholls and Budd 2000).
It is this protonmotive force (Ap) that maintains the electrochemical proton gradient
across the mitochondrial inner membrane and allows production of ATP from ADP
and a phosphate group by complex V (ATP synthase, EC 3.6.3.14). The passage of
three protons through complex V into the mitochondrial matrix results in the

generation of one ATP molecule (Fig. 1.1).
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Fig. 1.1 Schematic representation of the electron transport chain and proton

circuit of oxidative phosphorylation.

Electrons from NADH and FADH, enter the respiratory chain at complex I and II
respectively. Complexes I, III and IV pump protons in series out of the matrix into the
intermembrane space. Protein re-entry through complex V generates ATP from ADP

and an inorganic phosphate. Adapted from Fig. 1A of Nicholls and Budd (2000).



1.1.2 Mitochondrial proton circuit

The fall in redox potential of the electrons being passed through the electron transport
chain during respiration is used to generate a proton electrochemical potential

gradient (Ap) across the mitochondrial inner membrane.

The ATP synthase is the primary route of proton re-entry into the mitochondrial
matrix. The protein complex is in fact an ATP-hydrolysing proton pump that is forced
to work in reverse by Ap. Mitochondria maintain the ATP synthesis reaction up to 10
times away from equilibrium (Nicholls 1974), and the free energy in a cell comes
from this displacement from equilibrium — the ATP molecule itself is not a ‘high-
energy compound’. The Gibb’s free energy (AG), a measure of this displacement
from equilibrium, is approximately + 60 kJ/mol for ATP synthesis in the cytoplasm

(Rosing and Slater 1972).

The proton circuit has been compared to an electrical circuit for instructive purposes
(Fig. 1.2). If Ap is the potential term, and the proton conductance of the inner
membrane corresponds to the conductance of a component, the resultant proton
current around the circuit is subject to Ohm’s Law (Nicholls and Budd 2000). Proton
re-entry through the ATP synthase completes the circuit. The rate of ATP synthesis is
tightly coupled to re-entry of protons through the ATP synthase, and therefore also to
proton current around the circuit. Hence the proton current automatically responds to
ATP demand. Proton pumping by each of the electron transport chain complexes is
also tightly coupled to electron flux through the respective complex so that electron
flux is also controlled by ATP demand (Nicholls and Budd 2000). This control of
respiration rate by ATP turnover is termed ‘respiratory control’, and in nerve
terminals is dictated mainly by the demand on ATP made by plasma membrane ion
pumping (Pauwels et al. 1985). The Ap is expressed in electrical potential units and

can be calculated in isolated mitochondria using the following equation:

RT
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Fig. 1.2 Mitochondrial proton circuit

The mitochondrial proton circuit is comparable to an equivalent electrical circuit and
can be quantified by Ohm’s law, where proton-motive force (Ap) is equivalent to
voltage term (v) and magnitude of proton current (I) is defined by membrane
resistance to protons (R). The ‘resistance’ through complex V is controlled by rate of

ATP synthesis. Adapted from Fig. 1B of Nicholls and Budd (2000).



where Ay, is the mitochondrial membrane potential, ApH is the pH gradient across
the inner membrane, R is the gas constant, T the absolute temperature and F the
Faraday constant. At 37°C, 2.3RT/F = 60. In isolated mitochondrial models that use
reasonable physiological conditions, Ay, accounts for 150 — 180 mV of the total Ap
of 200 — 220 mV (Nicholls 1974).

1.1.3 Mitochondrial membrane potential (Ay,,)

As described above, Ap across the mitochondrial inner membrane is composed of the
chemical potential of the proton gradient, but mainly the electrical potential, termed
Aym. Ay, acts on all ionic distribution across the mitochondrial inner membrane, and
controls transport between the mitochondrion and the cytoplasm. The equilibrium

distribution of an ion is related to Ay, by the Nernst equation:

Aym =2.3(E)10g10 &
mF

]

o)

where Ay, is the mitochondrial membrane potential, R is the gas constant, T the
absolute temperature, m the valence of the ion, F the Faraday constant and [X™"]g and
[X™]a the concentration of the ion outside and inside the inner membrane. In in situ
mitochondria, the most important ions regulated by Ay, are Ca®” and Na' (Fig. 1.3).
From the Nernst equation it can be deduced that divalent cations are accumulated in
the mitochondrial matrix to much higher extents than monovalent cations, and that
anions are excluded. Under normal physiological conditions, Ay, is maintained at
approximately -150 mV in irn situ nerve terminal mitochondria of resting
synaptosomes (Scott and Nicholls 1980). The equilibrium distribution of synthetic
fluorimetric or radiolabelled cations across the mitochondrial inner membrane forms

the basis of experimental measurement of Ayy,.
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The protonmotive force of the respiratory chain drives all of the circuits represented
here either directly or indirectly via ATP. Adapted from Fig. 2 of Nicholls and Budd
(2000).



1.1.4 Plasma membrane potential (Ay,)

Ion flux across the plasma membrane of neurons is also governed by electrochemical
driving forces. In nerve terminals, where K*, Na’ and CI gradients exist across the

membrane, the resting Ay, can be quantified by the Goldman equation:

Pa[Na'], + AK'], Pe[CT]
PNa[Na+]_n - PK[K+], PCI[CI_]‘

1 n n

out

RT
Ay, = 2.3—F—10g10

where Py, . Px and Pc are the permeabilities of the respective ions, and [Na']o, and
[Na'];, the extracellular and intracellular Na™ concentrations respectively etc.. In
neurons, K, Na" gradients are maintained by active pumping of these ions by the
Na'/K" ATPase (Fig. 1.3). In one cycle, the Na'/K" ATPase exchanges three
intracellular Na" ions for two K" ions, hydrolysing one ATP molecule in the process.
The Na'/K" ATPase maintains the [Na'],y approximately twenty fold greater than the
[Na']in, and [K'];y is maintained at approximately 10 times [K']ou. A resulting Ay, of
-80mV (Nicholls 2006) has been measured in neurons in vitro, and -45 mV in nerve
terminals (Scott and Nicholls 1980). Ion-specific transporters that use the Na'/K"
gradient to pump Ca’" and CI against the electrochemical gradient out of the
cytoplasm maintain the Ca’" and CI” gradients, and there is also Ca**-ATPases present

on the plasma membrane.

Using the Goldman equation, the following permeability ratios for resting Ay, have

been elucidated electrophysiologically by Katz and Miledi (1967):
PKIPNaIPC|=1.0Z0.0410.45

Under resting conditions, Na“ permeability is low. However, Na' permeability
increases via the opening of voltage-dependent Na’ channels following the
depolarisation of Ay, to a threshold level, resulting in a sudden influx of Na" and the
propagation of an action potential. At the peak of an action potential, the permeability
ratios change such that:

Pr Py Pey= 1.07¢200:045



Ay, rapidly falls and becomes positive during the milliseconds of an action potential,
and in response voltage-dependent K -channels open, resulting in a rapid restoration
of Ay, to a hyperpolarised level. This brief hyperpolarisation prevents immediate
propagation of the next action potential, but Ay, returns to a resting level within
milliseconds. In nerve terminals, voltage-dependent Ca**-channels respond to action
potentials by allowing highly localised Ca’" entry, which triggers exocytosis of
neurotransmitter (Nicholls 1974).

1.2 The synaptosomal model of the nerve terminal

In the early 1960s it was noticed that by using differential centrifugation techniques
on brain homogenate to extract neuronal mitochondria there appeared to be extra
particles in the crude fraction (Gray and Whittaker 1962). When examined under the
electron microscope it was evident these particles were intact nerve terminals which
had been pinched off from their adjoining axons. They occur in highest concentrations
in layered brain regions such as the cerebral cortex and the hippocampus, as cleavage
during homogenisation tended to follow the divisions between the layers, resulting in
shearing of the terminals off axons. Subsequently, the term ‘synaptosomes’ was given
to the particles, and they were defined as being 0.5 — 1 um in diameter, and containing
one or more mitochondria (Nicholls 1993). Often pieces of post-synaptic membrane
are adherent to the parts of the synaptosome which contain a high concentration of 50
nm diameter synaptic vesicles (the ‘active zones’). Later, techniques for purifying
(and testing the viability of) synaptosomes became standardised, and synaptosomes

are now commonly used as models of the nerve terminal.

Synaptosomes possess all of the features of nerve terminals including fully
functioning mitochondria, ion channels, vesicles, and neurotransmitter exocytotic and
re-uptake equipment (Fig. 1.4). After careful preparation they remain viable for
several hours. Glutamate is the most common excitatory neurotransmitter in the brain,
and is involved in cognition, memory movement and sensation (Gasic and Hollmann
1992). In any preparation of whole brain synaptosomes, > 90% are glutamatergic

(Nicholls 1993).
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Fig. 1.4 The glutamatergic synaptosome

ATP produced by glycolytic metabolism of glucose or by oxidative phosphorylation
in mitochondria is mainly used by the Na'/K" ATPase (up to 70% in resting
synaptosomes), which maintains a resting Ay, of approximately -80 mV. In vivo,
uptake by glutamate transporters on nerve terminals and surrounding glia maintain a
low extracellular glutamate concentration (1 pM), while the cytoplasmic
concentration is at least a thousand-fold higher (I — 10 mM). Glutamate is most
heavily concentrated in vesicles (100 mM). ATP drives both of these uptake
mechanisms indirectly: uptake across the plasma membrane is driven by the Na" and
K" gradients across the membrane, and vesicular uptake is driven by the H" gradient
across the vesicular membrane, maintained by the vATPase. Exocytosis of glutamate
triggered by Ca’" influx after depolarisation of Ay, has also been shown to be ATP-
dependent.
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1.2.1 Depolarising synaptosomes

Synaptosomes maintain the resting potential close to that which they had in the intact
brain, as they are no longer receiving electrical signals from axons. Therefore, to
study release of neurotransmitter from synaptosomes, modes of membrane
depolarisation had to be obtained. To this end, ion flux through channels on the
synaptosomal plasma membrane can be manipulated by various means: elevation of
extracellular KCI1, K-channel inhibition, and Na'-channel activation (Nicholls 2003).
These methods all activate voltage-gated Ca®"-channels, but with different results on
the Ay, of the synaptosomes. K” membrane conductance in nerve terminals is high,
and increasing external K (by addition of KCI) will result in immediate and clamped
depolarisation. This model was widely used in the initial experiments that showed
exocytotic glutamate release from synaptosomes coupled to Ca®’ influx, i.e. Ca®'-
dependent glutamate release (Nicholls and Sihra 1986; Nicholls er al. 1987).
However, it must be noted that the clamped depolarisation brought about by KClI is
non-physiological and results in a single firing of transient channels (Nicholls 1993).
Also, the high K" concentration may causes thermodynamic reversal of Na' : amino
acid cotransport, causing release of cytoplasmic glutamate (Erecinska 1987).
Nonetheless, Ca**-dependent exocytotic release is still distinguishable from Ca®'-

independent release via transporter reversal (Nicholls ez al. 1987).

A more physiological pattern of depolarisation is brought about by K'-channel
inhibition by millimolar amounts of 4-aminopyridine (Fig. 1.4) or nanomolar amounts
of the mamba neurotoxin a-dendrotoxin. Both 4-aminopyridine and dendrotoxin
inhibit a specific subset of K'-channel, I, channels, which regulate excitability in
neurons. [4 channels are thought to hyperpolarise the plasma membrane when open,
being activated by presynaptic G-protein linked receptors (in some neurons at least).
I, channel inhibition brings about repetitive firing of Na'-channels, resulting in
repetitive action potential-like depolarisations of synaptosomes (Tibbs et al. 1989;
Tibbs ef al. 1996). 4-aminopyridine has been developed commercially as a treatment
of Multiple Sclerosis, an autoimmune disorder in which demyelination of neurons
affects the propagation of action potentials along axons. As a drug it has been shown
to improve motor and visual abilities and relieve fatigue in sufferers (Judge and Bever

2006).

12



K(dr) K(dr) K(dr)

K(a) K(a) K(a)
K(con) K(con) K(con)
Na Na Na
Polarised High KCI 4AP
0 /—
Ay, A
(mV) )
|
-80 - : g

Fig. 1.5 Schematic representation of the most common ways of depolarising

synaptosomes

Polygons represent the direction and approximate magnitude of K or Na" gradients
under each condition between the cytoplasm (left) and extracellular compartments
(right). Thus when synaptosomes are polarised the K* gradient is outward, but under
conditions of high [KCl],, the magnitude of the gradient is decreased. Red infilling
means the pathway is essentially inactive under that condition, orange means that the
pathway is intermittently active while red means that the pathway is permanently
active. Na, Na' channel; K(con), constitutive K* conductance; K(a), K5 channel
(inhibited by 1 mM 4-aminopyridine); K(dr) ‘delayed rectifier’ K* channel. Under
polarised conditions the KA channel helps to stabilise Ay, by opening in response to
slight depolarisations. With high [KCI] there is a ‘clamped’ depolarisation mediated
by the constitutive K* conductance. With 4-aminopyridine the KA channels are
inhibited and the membrane potential is no longer stabilised. Spontaneous action
potentials occur involving both the Na’ channels and 'delayed rectifier' K* channels.

Adapted from Fig. 3 in Nicholls 1993.
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13 Flux control of respiration and energy threshold effects

The control of each of each of the complexes of the ETC over oxidative
phosphorylation can be elucidated by application of Metabolic Control Analysis
(Heinrich and Rapoport 1974). The results of this method indicate that control of
respiration is shared between all of the complexes, and the share of control by any
particular contributing element to the oxidative phosphorylation is measured by its
control coefficient (Mazat ef al. 2001). The sum of all of the control coefficients is
unity, and flux control coefficients of 0.71 for the oxidation system, 0.27 for the
phosphorylation system and 0.02 for proton leak have been -elucidated in
synaptosomes (Joyce ef al. 2003).

The flux control coefficients of complexes I, III, and IV have been elucidated in
isolated synaptosomal mitochondria. Complex I was found to have a flux control
coefficient of 0.29, complex III, 0.20, and complex IV, 0.13 (Davey et al. 1998). The
high complex I control coefficient results in a low threshold of inhibition of complex I
activity before rates of oxygen consumption and ATP production are seriously
affected. Inhibition of complex I activity by 25% in synaptic mitochondria with
rotenone resulted in a major fall in oxygen consumption and ATP production,
whereas these changes in oxidative phosphorylation did not occur until 80%
inhibition of complex III activity with myxothiazol or 70% inhibition of complex IV
activity with KCN (Davey et al. 1998). For reasons that have not yet been established
(Pathak and Davey 2008), the threshold level of inhibition in isolated nonsynaptic
mitochondria was much higher, at 72% (Davey and Clark 1996).

Although numerous defects of mitochondrial enzymes involved in mitochondrial
diseases are known to exist and have been shown to be genetic in origin, the
pathogenic mechanisms for many of these disorders are usually not well understood.
Indeed, the same defect in mitochondrial DNA can often lead to several different
clinical syndromes. For example, genetic defects that affect complex I activity have
been implicated in Parkinson’s disease, Leber’s disease, mitochondrial
emcephalopathy, lactic acidosis and stroke-like episodes (Rossignol et al. 2003). The
heterogeneity of brain mitochondria may suggest that the lower complex I threshold

in nerve terminal mitochondria may be acquired, perhaps as part of the aging process.
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1.4  Mitochondria in aging

Declines in basal metabolism and physical performance in energy-requiring tasks are
typical characteristics of the aging process (Boveris and Navarro, 2008). Age-
dependent effects on mitochondrial energy transduction in brain mitochondria have
been reported, including decreases in electron transfer rates by ETC enzymes, mild
uncoupling of oxidative phosphorylation, and resulting impairment of ATP synthesis
(Navarro and Boveris 2007). Enzymatic activity of complexes I and IV have
consistently been shown to be reduced with age in isolated brain mitochondria (Benzi
et al. 1992; Lenaz et al. 1997; Kwong and Sohal 2000; Navarro et al. 2002). Complex
[ activity was found to be reduced by 17 — 33% in mice aged 52 — 76 weeks, and
complex IV activity reduced by 24 — 36%, compared to mice aged 6 weeks (Navarro
et al. 2002; Navarro ef al. 2004; Navarro et al. 2005). Decreased neurological
function including performance of motor and tasks correlated with the decreased
enzymatic function in the respiratory enzymes (Benzi ef al. 1992; Lenaz et al. 1997,
Kwong and Sohal 2000; Navarro et al. 2002; Navarro et al. 2005). Age-related
decreased oxygen consumption in isolated brain mitochondria consuming glutamate
and malate (operating through complex I) has been reported, while in those
consuming succinate (operating through complex II) the respiration rate was

unchanged with age (Navarro et al. 2005).

Evidence for age-related increased proton permeability across the mitochondrial inner
membrane has come indirectly from measurement of Ay, in isolated brain
mitochondria (LaFrance ef al. 2005). As well as showing reduced Ay, brain
mitochondria from older rats have been shown to have larger volumes and increased
H,O permeability when exposed to hypertonic conditions (Navarro et al. 2004). An
age-related decrease in in situ nerve terminal maximal oxygen consumption rate after
artificial uncoupling has also been reported (Joyce et al. 2003). These age-related
declines in mitochondrial function have added to evidence supporting the
mitochondrial hypothesis of aging (Beckman and Ames 1998). The free radical theory
of aging has been proposed to be at the centre of this hypothesis (Gerschman et al.
1954; Harman 1956, 2006).
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1.5 ROS, oxidative stress and mitochondria

A free radical is an independent species with one or more unpaired electron and all
aerobic metabolism is thought to involve the production of free radicals (Gutteridge
and Halliwell 2000). These unstable reactive species have a half-life of only
nanoseconds but can damage proteins, lipids and DNA (Floyd ef al. 2001). Among
the most common free radicals produced in cells are the reactive oxygen species
(ROS): the superoxide (O;") and hydroxyl radicals (OH'), hydrogen peroxide (H,O,)
and peroxynitrite (ONOQO"). The mitochondrial ETC is thought to be a major source of
free radical production (Gutteridge and Halliwell 2000) and 1 — 4% of oxygen
consumed by mitochondria has been estimated to be converted to O, and H,0O,. The
complexes of the mitochondrial respiratory chain are also susceptible to oxidative

damage by ROS (Hillered and Ernster 1983; Zhang et al. 1990).

Considerable defence mechanisms have evolved to cope with the free radical load
produced by mitochondria (Gutteridge and Halliwell 2000). Among these are
antioxidants, both enzymatic and nonenzymatic, which regulate the intra and
extracellular steady-state free radical content. The primary enzymatic antoxidant of
aerobic cells is superoxide dismutase (SOD), which neutralises O, (Fig. 1.6). Three
forms of SOD are found in the brain: mitochondrial manganese form (SOD2), a
cytoplasmic copper/zinc form (SODI1) and an extracellular form (SOD3) (Schapira
and DiMauro 2002). Glutathione (GSH), a thiol-containing tripeptide, is abundant in
neurons, and oxidises H,O, in a reaction catalysed by glutathione peroxidase (Fig. 1.6
(Ambani et al. 1975). Oxidised GSH can then be reduced by GSH reductase using
NADPH (Fig. 1.6, Cross et al. 1987). Thus, this antioxidant defence system also
prevents the decrease of intracellular thiols (Schapira and DiMauro 2002). HO, may
also be hydrolysed by catalase, but the concentration of this enzyme in the brain is
relatively low (Ambani et al. 1975). These enzymes help prevent damage to lipids,

proteins and DNA by free radicals, cumulatively termed oxidative stress.
Non-enzymatic free radical scavengers, including vitamins A, C and E also play an

important role in minimising oxidative stress, and these antioxidants can neutralise

0O, and OH' (Schapira and DiMauro 2002).
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Fig 1.6 Inactivation of reactive oxygen species by antioxidant enzymes

Key:
GSH - Glutathione
GSSG - Oxidised glutathione
H,0; — Hydrogen peroxide
NADP" — Nicotinamide adenine nucleotide phosphate
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1.6 Acute neurodegeneration

Acute neurodegeneration refers to widespread neuronal loss over a time span of days,
hours or minutes. The most common form of acute neurodegeneration is stroke, which
occurs when blood to the brain is interrupted. In contrast to other organs, the brain has
no capacity to synthesise or store energy reserves. Therefore, during an ischemic or
hemorrhagic event in the brain, the resulting hypoxia and hypoglycaemia is thought to
bring about rapid neuronal death by osmotic swelling and necrosis (Doble 1999).
Stroke is the second most common cause of death in the world, with 9% of all deaths
attributed to it (Murray and Lopez 1997). The origin of stroke is usually vascular:
hemorrhagic stroke occurs when blood vessels within the skull rupture, often after the
build up of an aneurism, while ischemic stroke occurs when intracranial vessels are
blocked by thrombosis or an embolism (Donnan et al. 2008). Approximately 80% of
all strokes are ischemic (Thrift ez al. 2001).

1.6.1 Ischemic excitotoxicity

In areas surrounding the core infarction, where there is reduced blood supply, a fall in
neuronal ATP levels is thought to occur, causing reduced activity of the Na'/K"
ATPase. The ionic gradients across the plasma membranes of neurons and glia are
compromised as a result, and excessive release of glutamate has been found to occur
(Hurtado et al. 2003). Excessive glutamate in the synapse can cause further death of
neurons, as constant activation post-synaptic ionotropic glutamate receptors (NMDA,
kainate and AMPA receptors) allow a rise in intracellular Ca**-concentrations to
occur. In this region, the penumbra, high intracellular Ca**-concentrations trigger may
trigger apoptosis, causing an increase in the size of the infarction (MacManus and
Buchan 2000). Much of the attempts at obtaining neuroprotective agents against
stroke have been focusing on taming the effects of the excessive release of glutamate
in the penumbra (Doble 1999). Those which act on the NMDA receptor have been
proven to be effective in animal models but not in humans, as adverse effects are
considered to be too numerous and there is a narrow time window (3 — 6 hrs) after the
stroke in which such agents prevent damage (Caplan 2002). Indeed, the oldest method
of treatment, hypothermia, which, when performed reduces metabolic requirement in

the treated area, remains the most effective against infarction (Polderman 2008).
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1.6.2 Glutamate release during ischemic excitotoxicity

Four mechanisms of glutamate release during excitotoxicity have been examined:
Ca’"-dependent vesicular release; glutamate release from astrocytes surrounding the
synapse through swelling-activated anion channels; release from astrocytes in an
indomethacin-sensitive process; and reversal of glutamate transporters (Rossi et al.
2000). Though each proposed mechanism has credible evidence that supports its
involvement in stroke, the highest level of glutamate release during an ischemic event
has been demonstrated to be via reversed glutamate transporters, whose normal
function is to reuptake glutamate from the synapse (Jabaudon et al. 2000; Rossi et al.
2000). Under normal conditions of neurotransmission at a glutamatergic synapse in
vivo, glutamate is thought to be taken up quickly by high affinity transporters,
including EAAT1 and EAAT2 (GLAST and GLT-1 in rats, Rothstein et al. 1996;
Kanai and Hediger 2003). GLT-1 (EAAT2) shows the highest affinity for glutamate
uptake, and there is evidence that it is present in nerve terminals (Suchak ez al. 2003).
Models of anoxia and hypoglycaemia have frequently been shown to increase
glutamate release from isolated nerve terminals (Sanchez-Prieto et al. 1987; Sanchez-
Prieto and Gonzalez 1988; Erecinska e al. 1996; Santos et al. 1996). Nonetheless, the
high cytoplasmic glutamate pool in astrocytes has been most frequently cited as the

origin of excitotoxic glutamate (Rothstein et al. 1996; Rossi et al. 2000).

A mechanism of reversal of glutamate transporters during ischemia has been
postulated. Both neurons and astrocytes require maintenance of the plasma membrane
electrochemical gradient to be maintained for normal functioning of the glutamate
transporters (Peng et al. 2001). EAAT1 and EAAT?2 transporters each co-transport
three Na' ions and one H' and counter-transport a K™ ion for each glutamate molecule
they transport (Nicholls and Attwell 1990), and reductions in the concentration
gradients of these ions across the plasma membrane result in the reversal of the
transporters, leakage of cytoplasmic glutamate into synapses and excitotoxicity
caused by excessive levels of extracellular glutamate (Rossi et al. 2000). Such events
can occur due to impaired ATP production by mitochondria and the Na'/K" ATPase
activity is reduced (Schinder ef al. 1996). Impaired mitochondrial ATP production has

also been demonstrated in chronic neurodegenerative disorders.
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1.6.3 Synaptosomal models of ischemic glutamate release

Synaptosomes have been commonly used to model the effects of ischemic energy
depletion on nerve terminal physiology, including glutamate release. Chemical
‘anoxia’ has been induced using mitochondrial ETC inhibitors, including KCN
(Sanchez-Prieto and Gonzalez 1988) and rotenone (Sanchez-Prieto et al. 1987).
Hypoglycaemia has also been modelled by replacing glucose in the medium with
iodoacetate (Rubio ef al. 1991) or deoxyglucose (Santos et al. 1996), both inhibitors
of glycolysis. The findings of these reports are generally consistent in reporting a
Ca’"-independent increase in glutamate efflux from synaptosomes after addition of
the inhibiting agent (Erecinska et al. 1996). In addition, Ca’"-dependent exocytotic
glutamate release has been shown to be blocked in a time-dependent manner by
metabolic inhibitors (Sanchez-Prieto and Gonzalez 1988; Rubio ef al. 1991). The
time-dependency has been shown to be related to depletion of the synaptosomal ATP
pool to below a threshold level (Nicholls and Attwell 1990), below which there is not
enough ATP available in the nerve terminal to support exocytosis, which is an energy

dependent process (Sanchez-Prieto et al. 1987).
17 Slow excitotoxicity and mitochondria

A mechanism of slow excitotoxicity has been proposed to occur in chronic
neurodegenerative disorders as a result of mitochondrial dysfunction (Beal 1992). The
evidence supporting this hypothesis initially came from in vitro models, which
indicated that impaired energy metabolism lowers the glutamate threshold
concentration required to cause excitotoxicity (Doble 1999). The first study of this
kind showed that inhibition of complex IV activity or omission of glucose in the
culture medium caused normal levels of extracellular glutamate to become toxic to
cerebellar granule cells (Novelli er al. 1988). The finding has since been widely
replicated both in vivo (Zeevalk and Nicklas 1991; Simpson and Isacson 1993) and in
vitro (Castilho et al. 1998; Nicholls and Ward 2000; Ward et al. 2000) and notably in
cerebellar granule neurons by partial inhibition of complex I activity with low

concentrations of rotenone (Yadava and Nicholls 2007).
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A number of hypotheses have been developed to explain the mitochondrial
involvement in NMDA-receptor mediated excitotoxicity. Reduced ATP supply to the
Na'/K" ATPase is thought to cause a lowering of Ay, and removal of the magnesium
block of the NMDA receptors, resulting in chronic activation of the receptors (Mayer
et al. 1984; Nowak et al. 1984). The resulting increase in intracellular Ca*" levels is
thought to add to the mitochondrial Ca** load and may trigger apoptosis via opening
of the mitochondrial permeability transition pore (Nicholls and Ward 2000). Opening
of the transition pore is characterised by an initial depolarisation of Ay, followed by
a failure to regulate intracellular Ca®" levels (delayed Ca®" deregulation) and cell
death (Nicholls and Ward 2000). Increased intracellular Ca’’ levels after NMDA
receptor activation is also known to increase ROS production by the mitochondrial
ETC enzymes (Dugan et al. 1995; Reynolds and Hastings 1995), which may also
induce apoptosis (Rego and Oliveira 2003).

1.8 Parkinson’s disease

Parkinson’s disease is a chronic neurodegenerative disorder with a prevalence of 0.3%
in the population of industrialised countries (Nussbaum and Ellis 2003). The principal
pathological feature is preferential loss of dopaminergic neurons in the nigrostratal
pathway, and as the disease progresses other neural populations degenerate, including
the serotonergic neurons of the raphe nuclei, dopaminergic neurons in the ventral
tegmental area, cholinergic neurons of the basal forebrain, and the noradrenergic
neurons in the locus ceruleus, which results in a net increase in inhibitory output from
basal ganglia to the thalamus (Jellinger 1991). Other pathologic features such as the
development of Lewy bodies and ubiquinated a-synuclein inclusions are common but
not always necessarily present for diagnosis (Weiner 2008). Symptoms include
rigidity, tremor, bradykinesia and impaired postural reflexes. Although over 90% of
cases are apparently sporadic (de Lau and Breteler 2006), recent research has
identified numerous genes that may be involved in the initial aetiology of idiopathic
Parkinson’s disease (Smigrodzki et al. 2004; Parker and Parks 2005; Smigrodzki et al.
2005). Multiple biochemical abnormalities have been cited as contributors to the
pathogenesis of Parkinson’s disease, including mitochondrial dysfunction,

excitotoxicity and free radical mediated damage.
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1.8.1 Mitochondrial dysfunction in Parkinson’s disease

The idea that mitochondrial dysfunction is involved in the aetiology of Parkinson’s
disease arose after MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) was
identified as the substance primarily responsible for inducing parkinsonian symptoms
in drug addicts (Langston et al. 1983). MPTP was identified as an impurity found in
black market synthetic opiates. The mechanism of neurotoxicity was later elucidated:
MPTP is converted into MPP" (1-methyl-4-phenylpyridinium) by monoamine
oxidase-B, primarily in glia, where this enzyme is primarily localized in adult brain
(Youdim et al. 2006). MPP" is then taken up via the dopamine transporter into nerve
terminals, where it potently inhibits complex I activity (Tipton and Singer 1993).
Such inhibition is thought to result in reduced capacity for ATP production and
increased ROS production, both of which have been found to lower the threshold of

apoptosis, which is controlled by mitochondria (Drechsel and Patel 2008).

Subsequently, it was found that complex I activity was reduced in post mortem
samples isolated from the substantia nigra of patients who suffered from Parkinson’s
disease (Schapira er al. 1989). The deficiency was measured to be an approximately
40% reduction in activity compared to controls (Schapira et al. 1990a). Decreases in
amounts of specific subunits in complex I proteins were found in striatum of
Parkinson’s disease patients (Mizuno et al. 1989) and deficiencies in complex I
activity was also found 