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Summary

Reduced activities o f the m itochondrial electron transport chain com plexes have been
im plicated in the pathogenesis o f num erous neurodegenerative disorders such as
A lzheim er’s disease (AD), Parkinson’s disease (PD) and H untington’s disease (HD).
M etabolic control analysis (M CA) was used to investigate the spread o f control among
the respiratory chain com ponents, com plex I, com plex II/III and com plex IV over
oxygen consum ption in in situ m itochondria in rat brain synaptosomes. The results
provide inform ation on the control possessed by the com plexes and the level by which
the com plexes can be inhibited before deleterious effect are im posed on m itochondrial
function. The results show that com plex I possessed the highest level o f control o f the
com plexes exam ined, over synaptosomal oxygen consumption. Com plex I had the
highest flux control coefficient and lowest inhibition threshold o f the com plexes
examined. The com plex I threshold was determ ined to be - 10%, w hich would imply
that the 30 - 40% decrease in com plex I activity reported in PD could be inducing
detrimental effects on m itochondrial function.

Because o f the

im plication o f mitochondrial dysfunction

in neurodegenerative

disorders, certain drugs and m olecules that have beneficial effects on m itochondrial
function have been proposed as potential neurotherapeutic agents. D ecylubiquinone is a
short-chained analogue o f endogenous ubiquinone. The effects o f decylubiquinone on
mitochondrial function and bioenergetics o f the respiratory chain com plexes in rat brain
synaptosomes were investigated in this study. Decylubiquinone increased com plex I/III
and com plex II/III activities in synaptosomes. 50 |iM decylubiquinone decreased the
flux control coefficient for com plex I/III activity when com plex I/III activity was
titrated with rotenone. In addition, 50 |aM decylubiquinone increased the energy
thresholds for com plex I/III, com plex II/III and com plex III when they were titrated
with myxothiazol.

However, decylubiquinone significantly increased the formation o f hydrogen peroxide
production in synaptosom es and in addition, am plified rotenone-, m yxothiazol- and
antim ycin A-induced elevations in hydrogen peroxide levels, indicating that it may not
be suitable as a neurotherapeutic agent.

Aggregated ^-am yloid is found in senile plaques that are characteristic o f A lzheim er‘s
disease. Soluble low m olecular weight oligom eric |3-amyloid has been implicated as a
main neurotoxic form o f (3-amyloid responsible for neurodegenerative events in A D .
This study also investigated the effects o f soluble |3-amyloidi.42 on mitochondrial
function in rat brain synaptosom es. (3-amyloid
14 -

1 .4 2

reduced the activity o f com plex IV by

18%, increased the generation o f hydrogen peroxide and reduced Aipm in

synaptosomal mitochondria. These results support soluble (3-amyloidi.42 as a neurotoxic
form o f (3-amyloid and im ply that soluble (3-amyloid may im pose toxic effects on the
neurons in part by having deleterious effects on mitochondrial function.
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Chapter 1

General introduction

1.1 M itochondria

Mitochondria (Figure 1.1) are membrane-bound organelles that are located in the
cytosol o f eukaryotic cells. They contain two membranes, a smooth outer membrane
and a folded inner membrane, separated by a narrow intermembrane space. The inner
cavity is called the mitochondrial matrix. The mitochondrial inner and outer membranes
are phospholipid bilayers that contain proteins. The folds in the inner membrane are
called cristae and provide an increased surface area in which the process o f oxidative
phosphorylation (see Section 1.1.1) can take place. Mitochondria play important roles in
many cellular processes, such as energy metabolism, calcium homeostasis, cell death
and regulation of membrane potential.

Figure 1.1: Illustrations o f m itochondrial structure

(a) An electron micrograph o f a mitochondrion from chick cerebellum tissue. Scale bar,
100 nm. (b) A 3-dimensional model o f a mitochondrion based on electron tomography.
The mitochondrial outer membrane is shown in dark blue, the inner boundary
membranes in translucent light blue and the cristae in yellow, (a) was obtained from
Perkins et al. (1997) and (b) from Frey et al. (2002).

1.1.1 Energy metabolism

Many processes and reactions in the cell require essential supplies o f ATP in order to
function properly and the main source o f this ATP is from mitochondria. Mitochondria
participate in numerous metabolic pathways (see Figure 1.2) including the process of
oxidative

phosphorylation,

which

provides

the

cell

with

ATP.

Oxidative

phosphorylation couples oxygen respiration in the electron transport chain to ATP
synthesis by complex V (also known as ATP synthase). During this process, electrons
from NADH or FADH 2 are transferred along the complexes o f the electron transport
chain to molecular oxygen (O 2 ), ultimately leading to the production o f water (Figure
1.2). The flow o f electrons along the chain pumps protons from the matrix through
complexes I, III and IV into the intermembrane space, against their concentration
gradient. The accumulation of protons on the outside of the inner membrane creates an
electrochemical gradient or proton-motive force, which drives protons back into the
matrix through complex V, powering the synthesis o f ATP from ADP and Pi.

1.1.2 The electron transport chain

The electron transport chain (see Figure 1.3) is located in the mitochondrial inner
membrane and consists o f four protein complexes - complex I, complex II, complex III
and complex IV and two electron carriers - ubiquinone and cytochrome c.

Complex I (EC 1.6.5.3; NADH:ubiquinone oxidoreductase) is the initial and the largest
complex ( - 1000 kDa) o f the electron transport chain, consisting o f 45 subunits that
form two parts, a membrane-embedded section and a peripheral arm (Carroll et al.
2006). Complex I receives electrons from the oxidation o f NADH and catalyses the
conversion o f ubiquinone to ubiquinol, which drives the next step o f the chain at
complex III. As electron transfer occurs, protons are pumped by complex I through the
mitochondrial inner membrane from the matrix into the intermembrane space.
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Complex II (EC 1.3.5.1, succinate:ubiquinone oxidoreductase) (~ 130 kDa) is bound to
the mitochondrial inner membrane on the matrix side and is the only complex that
participates in both the electron transport chain and the citric acid cycle. In the citric
acid cycle complex II converts succinate to fumarate with the concomitant reduction o f
FAD to FADH 2 . In the electron transport chain, FADH 2 is subsequently oxidised,
releasing electrons that are transferred to ubiquinone, reducing it to ubiquinol.

Complex III (EC 1.10.2.2; ubiquinoliferrocytochrome c oxidoreductase) catalyses the
transfer o f electrons from ubiquinol to cytochrome c in the electron transport chain.
Mammalian complex III ( - 270 kDa) consist o f 11 subunits, the main three o f which
contain cytochrome b, cytochrome ci and an iron-sulfur centre. Cytochrome b has two
heme groups Bh and Bl. Bh is located near the Q„ site (also known as Qi site) o f the Q
cycle and B l is found near Qp site (also known as Qo site) o f the Q cycle. The Q cycle is
the mechanism by which complex III carries out electron transfer from ubiquinol to
cytochrome c.

Complex IV (EC 1.9.3.1:cytochrome c oxidase) is the ultimate complex o f the electron
transport chain. Complex IV (~ 200 kDa) consists o f 13 subunits, three o f which are
encoded by the mitochondrial genome. Complex IV catalyses the transfer of electrons
from reduced cytochrome c (ferrocytochrome c) to O 2 . It contains four catalytic centres
- two heme groups, heme a and heme a^, and two copper ions, Cua and Cub. Electrons
from cytochrome c are transferred to the O 2 reduction site (heme as/Cub) via Cua and
heme a. As this occurs, protons are translocated through the membrane. There are two
pathways o f proton transfer - the K-pathway and the D-pathway. The reason for the
existence o f two proton-pumping pathways is unclear at present.

Ubiquinone (also known as coenzyme Q and coenzyme Qio) is a lipid-soluble molecule
that is located in the mitochondrial inner membrane where it plays a role in electron
transfer. The most common form found in humans and animals is ubiquinone-10 (also
known as ubiquinone 50 because it contains 50 carbons in its side chain), which
consists o f a quinone head and 10 isoprenoid units in the side chain. In the
mitochondrial inner membrane, ubiquinone acts as an electron carrier molecule that
transfers electrons from complex I and complex II to complex III.
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Ubiquinone exists in three main redox states - ubiquinone (UQ, oxidised form),
ubiquinol (UQH 2 , reduced form) and ubisemiquinone (partially reduced form). In
addition to its role in the electron transport chain, ubiquinone acts as a cellular
antioxidant, as a cofactor in the functions o f uncoupling proteins and as a modulator of
mitochondrial permeability transition.

Cytochrome c is a small, highly conserved, water-soluble protein (~ 12 kDa) that is
loosely associated with the mitochondrial inner membrane. It exists in two forms,
oxidised and reduced, and has many functions. One o f the main functions of
cytochrome c is as an electron carrier in the electron transport chain where it transfers
electrons from complex III to complex IV. Cytochrome c also plays an important role in
apoptosis. The release o f cytochrome c and other apoptosis-inducing factors from
mitochondria through the permeability transition pore (PTP) starts the process o f cell
death by apoptosis (see Section 1.1.6).

The correct activities o f the electron transport chain complexes are crucial in
maintaining adequate mitochondrial function and in supporting cellular energy
metabolism. Disruption to the flow o f electrons along the electron transport chain can
lead to the depletion o f ATP, the depolarisation o f the mitochondrial membrane
potential (Aipm) and the production o f reactive oxygen species (ROS) ultimately
resulting in cell death.

1,1.3 M etabolic control analysis

Metabolic control analysis (MCA) can be used to examine the spread o f control
amongst components in a system, e.g. o f respiratory chain complexes on mitochondrial
respiration. Prior to the 1960s, the theory o f the rate-limiting step stood alone in
describing the control o f enzymes in metabolic pathways. This theory stated that the
rate of an entire reaction pathway was dependent on the slowest step in the pathway.
However, this theory was not applicable to certain reaction pathways that appeared to
have numerous rate-limiting steps, such as mitochondrial oxidative phosphorylation.
The rate-limiting theory did not account for the possibility that the control o f the rate of
a reaction pathway could be spread amongst a number o f steps in the reaction pathway.
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In the early 1970s, two independent groups further developed the work that Higgins had
performed in the 1960s, to create MCA (Heinrich & Rapoport 1974, Kacser & Bums
1973). There are two methods of MCA: bottom-up MCA and top-down MCA. Bottomup MCA uses irreversible inhibitors to titrate the activity o f complexes o f interest so as
to determine their effects on the overall flux o f a system. Bottom-up MCA can be used
to determine two parameters o f control, the flux control coefficient and the inhibition
threshold o f a particular step in the pathway. The flux control coefficient is defined as
the degree of control that is exerted by the step on the entire rate o f the pathway (i.e. the
flux o f the pathway). The inhibition threshold provides information on the amount o f
inhibition o f a particular step that can occur before an effect is seen on the overall
pathway.

An example can be used to explain bottom-up MCA. Consider a system whereby
enzyme Ei converts substrate A to B, B is then converted to C by enzyme E 2 , C is
subsequently metabolised to D by enzyme E3, and the flux through the whole system is
J. A flux control coefficient can be determined for each enzyme (Ei, E2 and E3) in the
pathway, which provides information on the control exerted by this enzyme on the
overall flux o f the system {J), i.e., how much a change in the activity of an enzyme will
affect the overall flux.

The summation theorem states that the sum o f the individual flux control coefficients in
the system will always be equal to 1. Furthermore, inhibition thresholds can be
determined for enzymes Ei, E 2 and E 3 , which will demonstrate the amount by which the
enzyme can be inhibited before an effect is seen on the overall flux o f the system.

The spread o f control amongst all of the steps involved in oxidative phosphorylation
can be investigated by using bottom-up MCA. Flux control coefficients and thresholds
can be found, for example, for the electron transport chain complexes, adenine
nucleotide carrier, proton leak, phosphate carrier and pyruvate carrier. Similarly, the
level o f control possessed by the electron transport chain complexes (complexes I - IV)
over mitochondrial function, e.g., mitochondrial oxygen consumption and/or ATP
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synthesis can be investigated using MCA, by finding a flux control coefficient value
and inhibition threshold for each o f the complexes o f interest.

The use o f bottom-up MCA requires irreversible inhibitors and detailed knowledge of
the step and system o f interest. In more complex systems, when this is not possible, topdown MCA can be utilised. Top-down MCA involves grouping processes together into
blocks that are linked by a common intermediate. The flux control coefficient for each
block can be determined because of its relationship with the mutual intermediate. An
example o f top-down MCA, examining the spread o f control amongst substrate
oxidation, proton leak and the phosphorylating system in synaptosomes, involves using
mitochondrial membrane potential (Aipm) as the common intermediate, with substrate
oxidation (glycolysis, citric acid cycle, electron transport chain) feeding into

and

proton leak and the phosphorylating system (ATP synthesis and ATP-consuming
processes) draining Aoj^m (Figure 1.4).

Proton Leak

Substrate
oxidation

Pho
System

Figure 1.4: Top-down metabolic control analysis of substrate oxidation,
proton leak and the phosphorylating system in synaptosomes

Analysis of oxidative phosphorylation by top-down MCA involves grouping
the components

into

blocks

(substrate

oxidation,

proton

leak and

phosphorylating system) and subsequently examining them by their
relationship with Axpm, as the common intermediate. (Adapted from Joyce et
al. 2003)

Numerous parameters, such as tissue variation, differing energy states, ageing and
varying experimental conditions can lead to contrasting flux control coefficient values
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and inhibition threshold levels for the same enzyme o f interest (Rossignol et al. 2000,
Piccoli et al. 2006, Rossignol et al. 1999, Villani & Attardi 2000, Joyce et al. 2003).
The electron transport chain components, complex I, complex 111 and complex IV have
different flux control coefficients in different tissues e.g. the flux control coefficient for
complex I in mitochondrial samples can range from 0.06 in kidney to 0.13 in muscle, to
0.26 in heart, 0.27 in liver and 0.25 in brain (Rossignol et al. 2000). Varying inhibition
thresholds were also reported for mitochondrial samples from different tissue sources,
with the complex 1 threshold ranging from ~ 75% in muscle to ~ 64% in heart, - 71% in
liver, - 77% in kidney and - 50% in brain (Rossignol et al. 1999). The bioenergetic
state o f the mitochondria can also influence the pattern o f control. The flux control
coefficient and threshold o f complex IV in human HepG2 cells differed hugely when
determined under contrasting energetic conditions, i.e., respiration in the absence and
presence o f oligomycin. Oligomycin blocks ATP synthase and prevents state 3
respiration, maintaining the mitochondria in state 4. The flux control coefficient for
complex IV in the absence o f oligomycin was 0.68 compared to 0.25 in state 4, and the
threshold shifted from - 49% to ~ 75% with the addition o f oligomycin (Piccoli et al.
2006).

Variations in experimental conditions can affect the spread o f control amongst
components o f a system. By increasing the concentration o f phosphate from 1 mM to 10
mM, the flux control coefficient for the adenine nucleotide carrier changed from 0.20 to
0.37 and those for the H'^-ATPase decreased from 0.74 to 0.10 (Wisniewski et al. 1993).
Therefore, it is important to investigate the parameters o f control in an environment as
similar to the in vivo situation as possible. Along with differing tissue sources and
varying energy states, age can be an additional factor affecting the spread o f control.
Complex I is more rate controlling in older animals (30 months old) when compared to
younger animals (4 months old) (Ventura et al. 2002). The flux control coefficient value
for complex I for state 4 respiration in rat liver mitochondria increases from 0.07 in
young animals to 0.23 in older animals (Ventura et al. 2002). Additionally, in situ
mitochondria in synaptosomes from young (3 months old) and old (24 months old) rat
brains showed altered patterns of control amongst substrate oxidation, phosphorylating
system and proton leak in maximally phosphorylating mitochondria when analysed
using top-down MCA (Joyce et al. 2003).

8

MCA studies have been performed on isolated synaptic and non-synaptic rat brain
mitochondria (Davey & Clark 1996, Davey et al. 1998, Rossignol et al. 1999, Rossignol
et al. 2000, Davey et al. 1997). However, these studies may have certain limitations,
such as the loss o f integrity o f the mitochondrial membranes during the isolation
process, the loss o f the relationship between the mitochondria and the rest o f the cell,
possibly leading to the loss of correct channelling o f respiratory substrates to the
mitochondria, e.g., of NADH to complex I (Cadenas & Davies 2000). As a result of
this, differences in energy states may be expected when compared to in vivo
mitochondria. Therefore, it is o f interest to analyse the flux control coefficients and
threshold levels o f the electron transport chain complexes in the in situ environment,
such as in synaptosomes (see Section 1.2), which are physiologically energised with
endogenous substrates.

1.1.4 Mitochondrial membrane potential

A membrane potential is the difference in electrical potential between two aqueous
sections that are segregated by a membrane. The mitochondrial inner membrane
separates the negative mitochondrial matrix from the intermembrane space, and the
mitochondrial membrane potential (Axpm) controls the flow of protons and ions across
the membrane. In normally functioning mitochondria, Axpm is - 180 mV (negative in the
mitochondrial matrix). Aipm is an important parameter in mitochondrial function. Ai|im,
along with the pH gradient, regulates the proton-motive force across the mitochondrial
inner membrane. Axpm is essential in maintaining normal mitochondrial morphology
(Legros et al. 2002). During high rates o f mitochondrial respiration, AijJrn and the pH
gradient are at low levels (Nicholls 2004). Depolarisation o f Aij^m will affect the protonmotive force and this may result in reduced synthesis o f ATP for cellular activities and
may possibly bring about degeneration of the cell. Aij^m is the fundamental factor that
regulates mitochondrial respiration, accumulation o f calcium by mitochondria and ATP
synthesis by complex V and is itself regulated by proton leak and electron transport
through the respiratory chain (Nicholls & Ferguson 1992, Nicholls & Budd 2000,
Nicholls 2002).
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1.1.5 Reactive oxygen species

Reactive oxygen species (ROS) are small, highly reactive molecules that have unpaired
valence shell electrons. ROS are normally generated in the cell as by-products o f
oxygen and have important roles as signal transduction molecules (Droge 2002).
Examples o f ROS are hydrogen peroxide (H2O2), the hydroxyl radical (’OH) and the
superoxide anion (O2*’). The normal production o f ROS does not induce cellular
problems because antioxidant enzymes, such as superoxide dismutase (SOD),
glutathione peroxidase and catalase, convert ROS to less reactive species (Figure 1.6).
SOD catalyses the dismutation o f superoxide anions to H2O2 and O2. Mn-SOD is the
mitochondrial matrix type o f SOD. It is a tetramer and binds one manganese ion per
subunit. Catalase catalyses the conversion o f H2O2 to water and O2, and glutathione
peroxidase converts H2O2 and glutathione (GSH) to water, O2 and glutathione disulfide
(GSSG). The hydroxyl radical is a highly reactive oxidant, which, unlike superoxide
radicals and H2O2, cannot be eliminated by an enzymatic reaction. After the production
of H2O2 by SOD, H2O2 can be further converted to hydroxyl radicals by Fe^^ in the
Fenton Reaction. Superoxide radicals can react with nitric oxide (NO) to produce
peroxynitrite, which is a potent and versatile oxidant.

Mitochondria are the primary source o f ROS in the cell. At present, the exact location
and level o f physiological ROS production by mitochondria is unclear. The main
proposed sites of ROS production are complex I and at the ubiquinol oxidation centre in
complex III o f the electron transport chain, a-ketoglutarate dehydrogenase (aKGDH)
and aconitase in the citric acid cycle and monoamine oxidases in the mitochondrial
outer membrane (see Figure 1.5) (Adam-Vizi & Chinopoulos 2006). Disruption to the
electron flow along the respiratory chain can lead to the leakage o f electrons at complex
I and complex III, which can be transferred to O2 to generate the superoxide anion. It is
estimated that under normal conditions, 1 % to 2 % o f electrons in the electron transport
chain are involved in the production o f superoxide anions. Suggestions have been made
that ROS production at complex I rather than complex III is the major source in vivo
(Liu et al. 2002).
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Figure 1.5: Mitochondrial reactions involved in reactive oxygen species
metabolism

(a) Certain mitochondrial reactions and components generate reactive oxygen species
(ROS; white stars), while others impose antioxidant properties (red stars) (a). ROSforming enzymes include complex I and complex III o f the respiratory chain, aconitase
(ACO) and a-ketoglutarate dehydrogenase (aKGDH) o f the citric acid cycle, pyruvate
dehydrogenase

(PDH),

glyceraldehyde-3-phosphate

dehydrogenase

(GPDH),

dihydroorotate dehydrogenase (DHOH), monoamine oxidase (MAO) and cytochrome
bi reductase (B5R). The antioxidant defense consists o f non-enzymatic and enzymatic
parts. The non-enzymatic parts include ubiquinone (Q), cytochrome c (C), a-tocopherol
(aTCP) and glutathione (GSH). The antioxidant enzymes include manganese superoxide
dismutase (MnSOD), catalase (CAT), glutathione peroxidase (GPX), glutathione
reductase

(GR),

peroxiredoxins

phospholipids

3/5

(PRX3/5),

hydroperoxide
glutaredoxin

glutathione

(GRX2),

peroxidase

thioredoxin

(PGPX),

(TRX2)

and

thioredoxin reductase (TRXR2). AijJm may be an important factor in the generation of
ROS. At high Aipni, there is higher availability o f electrons and thus increased
generation o f ROS and at low

there are lower levels o f ROS formation because

there are fewer available electrons. GSH is regenerated through the actions of GR, and
TRX2 is regenerated by TRXR2. Both reactions depend on the availability o f NADPH,
which is produced by isocitrate dehydrogenase (IDH), malic enzyme (ME) or by Aipm
driving nicotinamide nucleotide transhydrogenase (NNTH). (b) Mitochondrial damage
can reduce the antioxidant defense, which will initiate a vicious cycle resulting in
elevated levels o f ROS production. Additional abbreviations: GSSG = glutathione
disulphide, LOH = lipid hydroxide, LOOH = lipid hydroperoxide, o = oxidised state, r =
reduced state. Illustration taken from (Lin & Beal 2006).
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Studies on in situ mitochondria in nerve terminals have shown that complex III must be
inhibited by ~ 70% before an increase is seen in ROS, but complex I only needs to be
inhibited by - 16%, supporting the belief that complex 1 is a more relevant location for
ROS generation (Sipos et al. 2003a).

The two main parameters that determine ROS formation at complex I are the
NADH;NAD'^ ratio and the proton-motive force, which is controlled by Aipm and the pH
gradient across the mitochondrial inner membrane. A high NADHiNAD"^ ratio or
depolarisation o f Aipm induces increased generation o f ROS. A high NADH:NAD^ ratio
causes the ROS-forming sites in complex I to become highly reduced, which will lead
to the donation of electrons to molecular oxygen. The sites o f electron leakage and ROS
production in complex I have not been clearly identified as yet but they are thought to
be upstream o f the rotenone-binding site (Adam-Vizi & Chinopoulos 2006). Potential
sites include the N la and N2 iron-sulfur centres, the flavin protein and the enzymebound NADH. The elevated levels of ROS may damage complex I leading to further
increases in the levels o f ROS, which will in turn cause more damage to complex I
(Zhang et al. 1990). The NADH:NAD^ ratio may also affect ROS production by
aKGDH, with a higher ratio leading to increased ROS production by the enzyme.

Adam-Vizi & Chinopoulos (2006) suggest that ROS formation by complex 111 is
unlikely to have physiological importance because stimulation o f increased ROS
production by complex III requires non-physiological amounts o f antimycin A and
because the loss o f cytochrome c, which normally causes the reduction o f the electron
transport chain, does not cause increased ROS generation by complex III. However,
complex III inhibition still has the ability to increase ROS levels when complex I is
blocked in synaptosomes (Sipos et al. 2003b) so there may be roles for both complex I
and complex III at sites o f ROS formation in the electron transport chain in
synaptosomes.

14

During disease or conditions o f environmental stress, increased levels o f ROS can be
generated in the cell, which can lead to oxidative stress (see Sayre et al. 2008, Review)
Oxidative stress is the situation that arises when an imbalance occurs between ROS and
the antioxidant defenses of the cell. Oxidative stress can be detrimental to cell survival
by damaging lipids, proteins and DNA and is thought to be a crucial factor in the
pathogenesis of numerous neurodegenerative disorders, such as Alzheimer’s disease,
Parkinson’s disease and Huntington’s disease (Perry et al. 1982, Dexter et al. 1989,
Browne et al. 1997, Butterfield et al. 2001). Increased ROS formation, possibly induced
by impaired activity o f complex I, is relevant when considering Parkinson’s disease
because complex I is decreased by 30 - 40% in the Parkinson’s disease brain (Schapira
et al. 1990, Parker et al. 2007) (see Section 1.3.2). This complex 1 deficiency could
stimulate ROS generation, which, in turn, could cause further damage to the cell. Most
o f the studies on oxidative stress and ROS generation have been performed on isolated
mitochondria. However, isolated mitochondria have been shown to generate ROS in a
different manner to in situ mitochondria. Isolated mitochondria respiring on succinate
produce much higher levels of ROS than do in situ mitochondria respiring on both
NADH and succinate-linked substrates (Cadenas et al. 1977, Turrens et al. 1985, Liu et
al. 2002). Therefore, it is important to analyse ROS production in an in situ
environment, e.g., in synaptosomes.

1.1.6 Apoptosis and mitochondrial bioenergetics

Mitochondria play a central role in the process o f apoptosis, also known as programmed
cell death. Impairment o f mitochondrial function can bring about permeabilisation of
the mitochondrial inner membrane leading to the release o f pro-apoptotic proteins, such
as cytochrome c, apoptosis-inducing factor (AIF), endonuclease G and Smac/Diablo,
from the mitochondrion. Cytochrome c activates the caspase pathway, which results in
the morphological and biochemical alterations characteristic o f apoptosis. The process
o f membrane permeabilisation is thought to occur through the formation o f large nonselective pores known as permeability transition pores (PTPs) in the mitochondrial
membrane. The PTP is a multi-protein structure that spans the mitochondrial inner and
outer membranes at specific points called contact sites. Despite extensive research, the
components o f the PTP are still unclear. However, it is thought that the three main
constituents o f the PTP are a voltage-dependent anion channel (VDAC), the adenine
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nucleotide transporter (ANT) and cyclophilin D (Tatton & Olanow 1999). Creatine
kinase (CK), hexokinase, Bcl-2, Bax and peripheral benzodiazepine receptor (PER) are
also believed to be components o f the PTP.

The generation o f PTPs is thought to depend heavily on the mitochondrial bioenergetic
state. Depolarisation o f

along with increased Ca^"^ levels and elevated levels of

ROS, is believed to induce PTP opening. Increased levels o f ROS may have the ability
to induce apoptotic cell death by oxidising the thiol (-SH) groups o f sensor proteins.
Another mechanism o f ROS-induced opening o f PTP may involve CK. CK exists in
two forms, a dimeric and an octameric form. When CK is in its octameric form, the
opening o f the PTP is prevented and apoptosis will not be initiated. Peroxynitrite and
other free radicals can convert CK from its octameric form to its dimeric form,
encouraging PTP formation and apoptotic cell death (Stachowiak et al. 1998, O'Gorman
etal. 1997).

The PTP has been implicated in both processes o f cell death, apoptosis and necrosis.
The difference between the initiation o f apoptosis and necrosis appears to be dependent
on the level of ATP present in the mitochondrion. If ATP levels are low, necrosis is
more likely to occur, whereas ATP is required for apoptosis to ensue. Prolonged
glutamate-induced excitotoxicity in cerebellar granular neurons have been shown to
induce depolarisation o f

small decreases in plasma membrane potential and

decreased levels of NADPH and ATP, leading to cell death by necrosis (Ward et al.
2007). In contrast, transient glutamate-induced excitotoxicity induced hyperpolarisation
o f A^i)m, a temporary decrease in plasma membrane potential, increased uptake of
glucose and elevated NADPH and ATP levels resulting in cell death by apoptosis.
These observations suggest that Aipm and ATP levels, must be maintained for apoptosis
to occur (Ward et al. 2007). In addition, the presence and activity (even if reduced) of
the respiratory chain is essential for apoptosis to occur. Mitochondrial and endoplasmic
reticulum stress-induced apoptosis was prevented in cells that lacked electron transport
chain complexes (Kwong et al. 2007). In addition, cells that possessed electron
transport chain complexes but could not create electron flux did not undergo apoptosis
(Kwong et al. 2007). Therefore, it appears that adequate respiratory chain activities,
ATP levels and Aij^m are crucial in order for the cell to undergo apoptotic cell death.
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1.1.7 Types of neuronal mitochondria

In the neuron, mitochondria are located in the cell body, the axons, the dendrites and the
nerve

terminals.

In

most

isolated

brain

mitochondria

experiments,

neuronal

mitochondria are separated into synaptic and non-synaptic mitochondria. Synaptic
mitochondria are located solely in the nerve terminals o f the neurons, whereas nonsynaptic mitochondria are situated in the cell body, the axons and the dendrites o f the
neurons.

1.2 Synaptosomes

Synaptosomes are membraneous, sac-like structures that are generated by the pinchingoff o f nerve terminals. They have diameters o f 0.6 - 1.2 ^im. Synaptosomes have intact
plasma membranes and contain synaptic vesicles, mitochondria, cytoplasm and working
metabolic pathways (Scott & Nicholls 1980). Mitochondrial function can be examined
using synaptosomal preparations since they contain active in situ mitochondria and the
integrity o f the mitochondrial membranes is preserved by their location in the cytoplasm
(Scott & Nicholls

1980).

Synaptosomes are

generated

in the laboratory by

homogenisation and selective centrifugation o f nervous tissue.

Synaptosomes obtain their energy predominantly from mitochondrial oxidative
phosphorylation, with only minor contributions from glycolysis (Erecinska et al. 1996).
Resting synaptosomes, in the presence o f glucose, maintain a A\|)m o f - 150 mV and a
plasma membrane potential of - 45 mV (Scott & Nicholls 1980). In situ mitochondria
in synaptosomes obtain their energy from endogenous substrates generated from
exogenous glucose, unlike isolated mitochondria, which are provided directly with
NADH-linked substrates, such as pyruvate and glutamate/malate or with succinate. It is
assumed that synaptosomal mitochondrial respiration is powered mainly by electrons
from the oxidation o f NADH at complex I in the electron transport chain. However,
other sources also provide some electrons, including the metabolism o f succinate at
complex II, glycolytic NADH, which enters the matrix through the glycerophosphate
shuttle and endogenous fatty acids, using the electron transferring flavoprotein (Sipos et
al. 2003b). Studies have shown that in situ synaptosomal mitochondria respire at a rate
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between state 3 and state 4, with the initial rate being closer to state 4 (Scott & Nicholls
1980). Mitochondria act as buffers o f calcium in the cell. When the calcium
concentration reaches 0.1 - 0.2 |xM synaptosomal mitochondria, begin to sequester
calcium (Tibbs et al. 1989). Synaptosomal preparations contain nerve terminals from
different neuron types, with - 80% coming from glutamate neurons.

1.3 The involvement of mitochondria in neurodegeneration

Abnormal mitochondrial metabolism and function play an important role in the
pathogenesis o f many neurodegenerative disorders, such as Alzheimer’s disease,
Parkinson’s disease and Huntington’s disease. Therefore, mitochondrial dysfunction is
an area o f huge interest and research at present. Mitochondrial dysfunction is involved
in the process of cell death in the brain due to aberrant energy production, irregular Ca
movement, changes in

initiation o f apoptosis and formation o f ROS.

1.3.1 Alzheimer’s disease

Alzheimer’s disease (AD) is a progressive, neurodegenerative disorder, which causes
memory loss and impairment o f cognitive functions in patients. AD was first described
in 1906 by a German psychiatrist called Alois Alzheimer and was named in 1910 by
Emil Kraepelin. Alzheimer described the disease as being histopathologically
characterised by neuronal cell death and two forms o f deposits - senile plaques and
neurofibrillary tangles. Senile plaques are extracellular protein aggregations, comprising
mainly o f (3-amyloid. Neurofibrillary tangles are intraneuronal protein aggregations
consisting mainly of tau protein.

There are two main forms o f AD - familial, early-onset AD and sporadic, late-onset
AD. The majority o f AD cases are of the latter type. About 5 - 10% o f cases o f AD are
familial AD. Familial AD can occur as a result o f mutations in amyloid precursor
protein (APP), presenilin 1 (P S l) and presenilin 2 (PS2) (Scheuner et al. 1996, Selkoe
1996). The ApoE4 isoform o f the apolipoprotein genotype has been found in many lateonset, sporadic AD patients (Poirier et al. 1993, Roses 1996, Schmechel et al. 1993,
Reiman et al. 1996). Post-mortem studies have shown that the main areas o f the brain
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that are affected by this disease are the hippocampus and the cerebral cortex, both of
which are found to be greatly decreased in size (Frisoni et al. 1999). Enlargement o f the
cerebral ventricles is also a noticeable feature of the Alzheimer brain (Walsh & Selkoe
2004).

Aberrant energy metabolism is one o f the earliest irregularities observed in the AD
brain. Impaired glucose metabolism o f 21 - 28% was elucidated in AD patients when
compared to age-matched controls, using positron emission tomography (de Leon et al.
1983a, de Leon et al. 1983b). Compromised energy metabolism may occur as a result of
reduced electron transfer brought about by respiratory chain complex deficiencies and
subsequently lower ATP synthesis, decreased activity o f certain citric acid cycle
enzymes (such as a-ketoglutarate dehydrogenase and pyruvate dehydrogenase) which
will reduce the supply of substrates to the respiratory chain, vascular problems leading
to reduced cerebral blood flow in specific areas o f the brain and/or modified insulin
metabolism leading to aberrant blood glucose metabolism (Rivera et al. 2005, Shi et al.
2000 ).

Evidence o f oxidative stress and damage has been widely reported in AD brain post
mortem (Markesbery 1997, Butterfield 1997). Nervous tissue is particularly susceptible
to damage from ROS because o f its high usage o f oxygen, low levels o f antioxidants
and high levels o f membrane poly-unsaturated fatty acids, iron and ascorbate. Post
mortem studies o f the Alzheimer brain have elucidated abnormally high levels o f
oxidatively-altered neuronal lipids, proteins and DNA, and changes in antioxidant
enzymes, when compared to age-matched controls (Smith et al. 1991, Smith et al. 1995,
Lovell et al. 1995, Butterfield et al. 2001).

1.3.1.1 Mitochondrial dysfunction in Alzheimer’s disease

Increasing evidence supports a role for mitochondria in the pathogenesis o f AD (Figure
1.8 (a)). This implication o f mitochondria in AD is based on the observations that
increased oxidative damage, increased levels o f apoptosis, reduced glucose metabolism,
reduced activities o f particular mitochondrial enzymes and ultrastructural changes in
mitochondrial morphology have been reported in the Alzheimer brain (Kish et al. 1992,
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Butterfield et al. 2001, Bubber et al. 2005, Swerdlow & Khan 2004, Reddy & Beal
2005).

Certain m itochondrial enzym es, such as com plex IV, pyruvate dehydrogenase (PDH)
and the citric acid cycle enzym es, a-ketoglutarate dehydrogenase (aK G D H ) and
isocitrate dehydrogenase (ICDH), are o f particular interest in the study o f AD. Early
post-m ortem studies on the A lzheim er brain found that com plex IV was less abundant
and had activity that was reduced by - 27% in the cerebral cortex (Kish et al. 1992).
M ore recently, it w as found that com plex IV activity was decreased by ~ 37% in the
temporal cortex and by - 52% in the hippocam pus in the AD brain (M aurer et al. 2000).
In addition, decreased activity o f com plex IV was evident in platelets from A lzheim er
patients (Parker et al. 1994). Com plex IV plays an im portant role in the process o f
oxidative phosphorylation as a com ponent o f the respiratory chain. The inhibition o f
com plex IV can induce com plete reduction o f the interm ediary com plexes in the
electron transport chain, w hich leads to the inability o f these dow nstream com ponents
to accept the electrons. Therefore, the electrons may be transferred onto O 2 , generating
superoxide radicals (see Section 1.1.5), leading to increased levels o f ROS in the
m itochondria and subsequent im paired m itochondrial and cellular function. Inhibition
o f com plex IV also leads to reduced A TP levels, which can be detrimental to the cell.

N um erous studies have shown that the activities o f PDH, aK G D H and ICDH are
decreased in the A lzheim er brain post-m ortem (Shoffner 1997, Bubber et al. 2005,
Gibson et al. 2000, Sorbi et al. 1983). PDH is a m ulti-subunit enzym e that converts
pyruvate to acetyl CoA (see Figure. 1.6). M any sources have found decreased activity
o f PDH in the A lzheim er brain, but there are conflicting reports regarding the extent o f
the deficiency o f PDH, with the reduction ranging from 41 to 70% (Sorbi et al. 1983,
Butterw orth & Besnard 1990, Yates et al. 1990). aK G D H is a citric acid cycle m ulti
enzyme com plex that converts a-ketoglutarate to succinyl CoA (see Figure 1.6). The
activity o f aK G D H was reduced by 46 - 68% in the A lzheim er brain w hen com pared to
controls (M astrogiacom a et al. 1996). Bubber et al (2005) found that aK G D H was
decreased by 57% in the dorsal lateral pre-frontal cortex o f AD patients when com pared
to age-m atched controls.
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a-Ketoglutarate dehydrogenase
a-Ketoglutarate + NAD^ + CoA

-----------------► Succinyl CoA + NADH + CO2

c)

Isocitrate dehydrogenase
Isocitrate + NAD^ ----------------------------- ► a-Ketoglutarate + NADH + CO2

Figure 1.6: The reactions catalysed by certain mitochondrial enzymes of interest in
Alzheimer’s disease

Selected citric acid cycle enzymes located in the mitochondrial matrix have been found
to be reduced in the A lzheimer brain post-mortem: (a) pyruvate dehydrogenase, (b) a ketoglutarate dehydrogenase and (c) isocitrate dehydrogenase. The reactions catalysed
by these enzymes are shown above. Abbreviations: CoA = Coenzyme A, CO 2 = carbon
dioxide, NAD"^ = |3-nicotinamide adenine nucleotide, NADH = reduced form o f 13nicotinam ide adenine nucleotide.
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ICDH converts isocitrate to a-ketoglutarate in the citric acid cycle (Figure. 1.6). ICDH
is not affected in the AD brain to the same extent as PDH or aKGDH but there are
reports o f decreased ICDH activity. Bubber et al. (2005) showed that the activity of
ICDH was reduced by 27% in the Alzheimer brain, post-mortem. There are some
reports o f increased activity o f the citric acid cycle enzymes, succinate dehydrogenase
and malate dehydrogenase, in the brains from Alzheimer patients when compared to
age-matched controls (Bubber et al. 2005).

As discussed above, increased levels o f neuronal oxidative stress have been well
documented as a factor in the pathogenesis of AD (Butterfield et al. 2001). Oxidatively
damaged lipids, proteins and DNA have been reported in the AD brain post-mortem.
However, it is not clear at present whether the increased levels of ROS generation in the
AD brain are a primary event or a consequence o f impairment o f cellular function.

Mitochondria play an important role in maintaining calcium (Ca^^) homeostasis in the
cell by sequestering excess Ca^^ when required. Disruption o f intracellular Ca^^
homeostasis, observed in AD, may play a role in the pathogenesis o f the disease
(Khachaturian 1989, Hartmann et al. 1994, Peterson & Goldman 1986, Peterson et al.
1989). Ca^^ influx may lead to cell death by apoptosis through the opening o f the PTP.
In addition, mitochondrial Ca^^ may affect the flow o f electrons along the respiratory
chain, which may lead to elevated levels o f ROS, depolarisation o f Aipm and increased
oxidative damage to the cell. However, the mechanism by which Ca

2+

dysregulation

occurs in AD and its consequences have not been clearly elucidated to date.

Neuronal death is thought to occur by both necrosis and apoptosis in the Alzheimer
brain. Selective neuronal loss and the activation o f caspases occur in AD (Barinaga
1998). AD cybrid cells showed a two-fold increase in caspase-3 activity and a three-fold
increase in cytoplasmic cytochrome c, implying that cell death is occurring by apoptosis
(Khan et al. 2000).
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1.3.1.2 P-amyloid

One o f the pathological characteristics o f AD is the presence o f senile plaques. Senile
plaques are composed mainly o f the 4 kDa protein, (3-amyloid. (3-amyloid consists o f 39
to 43 amino acids and the most common forms in the Alzheimer brain are (3-amyloidi.4o
and (3-amyloidi.42, which contain 40 and 42 amino acids, respectively. (3-amyloid can
exist in different forms, from soluble monomers and oligomers to insoluble oligomers,
protofibrils and fibrils. Soluble (3-amyloid mainly consists o f a random coil and a helical folded peptide, whereas insoluble (3-amyloid consists o f (3-sheets, which form
the fibrillar structures that are deposited in the senile plaques (Cappai & White 1999).
(3-amyloid is produced from proteolytic processing o f the amyloid precursor protein
(APP). APP is a type-1 transmembrane protein with a large N-terminal region that can
be secreted. Sequential cleavage o f APP by two enzymes, (3-secretase and y-secretase,
produces the (3-amyloid peptide. |3-Secretase has been identified as being BACE-1 (13site APP cleaving enzyme-1), a unique type 1 membrane-bound aspartyl protease
(Pietrak et al. 2005). Non-amyloidogenic processing o f APP can occur. This involves
cleavage o f APP by a-secretase between amino acids 16 (lysine) and 17 (leucine),
which generates a soluble ectodomain and a membrane-associated C-terminal fragment
(Pinnix et al. 2001), which is then cleaved by y-secretase (see Figure 1.7). It is thought
that a-secretase is a disintegrin and metalloprotease, ADAM 10 (Lammich et al. 1999).

There is controversy at present about the mechanism by which (3-amyloid causes
damage to the neuronal cells in the brain o f an AD patient. The first theory put forward
was the “amyloid cascade hypothesis” o f Hardy and Higgins (1992), which suggested
that extracellular (3-amyloid, in the form o f amyloid plaques, causes synaptic and
neuritic damage, bringing about oxidative stress, neuronal dysfunction and ultimately
cell death. However, the validity of this theory has been questioned in recent years,
leading to the proposal o f two alternative theories. The first of these suggests that
extracellular soluble (3-amyloid oligomers are the toxic species, causing damage before
the formation o f senile plaques (Klein 2002).
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Figure 1.7: The generation of P-amyloid

Normal cleavage o f APP by a-secretase and y-secretase leads to generation o f soluble
A PP a (sAPPa), which does not bring about amyloid plaque formation. sA PPa may
play neuroprotective roles in synaptogenesis, neurite growth and neuronal survival.
Sequential cleavage o f the amyloid precursor protein (APP) by (3-secretase at the
extracellular side o f the membrane and by y-secretase at the intracellular side o f the
membrane results in the formation o f |3-amyloid (AP). (3-amyloid is the main constituent
o f the amyloid plaques that are characteristic o f AD.
Abbreviations: AICD = APP intracellular domain, p3 = soluble N-terminal fragment,
CTFa/(3 = membrane-bound C-terminal fragment a/(3. The picture was obtained from
<http://www.ebi.ac.uk/interpro/potm/2006_7/Page2.htm> (8/10/08).
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The second theory, the “intracellular hypothesis”, suggests that it is the intracellular (3amyloid that is the pathogenic species, causing damage to the neurons before the
formation o f senile plaques and neurofibrillary tangles. (3-amyloid is formed in the
endoplasmic reticulum and Golgi apparatus o f neurons. This theory suggests that 13amyloid may bring about neuronal dysfunction by acting intracellularly and these
actions are then followed by the generation o f senile plaques (Aleardi et al. 2005).

A vast amount o f research is being carried out at present with the aim o f determining
the mechanism o f cellular dysfunction by (3-amyloid. Central to this research is the idea
that P-amyloid-induced mitochondrial dysfunction may play a substantial role in the
neuronal dysfunction and degeneration that occurs in the AD brain. This is supported by
observations that |3-amyloid can cause mitochondrial dysfunction, such as decreased
activities of certain mitochondrial enymes, decreased ATP synthesis, increased ROS
production and cytochrome c release in isolated mitochondria and in cell culture assays
(Canevari et al. 1999, Casley et al. 2002, Crouch et al. 2005, Aleardi et al. 2005,
Pereira e/fl/. 1999, Ueda e/a/. 1997).

1.3.2 Parkinson’s disease

Parkinson’s disease (PD) is a progressive, incurable, age-related neurological disorder
that was first described by James Parkinson in 1817. PD is characterised by the
extensive loss o f catecholaminergic neurons, particularly dopaminergic neurons in the
substantia nigra and the presence o f intra-cytoplasmic bodies called Lewy bodies. Lewy
bodies are 5 - 2 5 jim in diameter and consist o f a dense granular core surrounded by
loose, radiating, peripheral filaments. a-Synuclein and ubiquitin proteins are found co
localised in these bodies. Symptoms of PD include bradykinesia, rigidity, resting
tremor, dementia, depression, and gait or postural problems. Many o f the clinical
manifestations o f PD are caused by the disintegration o f the connections between the
two regions of the brain that control motor function, the substantia nigra and the
striatum (Uversky 2004). The loss o f dopaminergic neurons from the substantia nigra
results in reduced production and release o f dopamine by the striatal nerve terminals.
Most cases of PD are idiopathic with only 5 - 10 % o f cases being familial. Mutations
o f the DJ-1, PlN Kl and parkin are associated with familial PD.
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1.3.2.1 Mitochondrial dysfunction in Parkinson’s disease

Mitochondrial impairment has been reported to play a major role in the pathogenesis of
PD because numerous studies have shown mitochondrial dysfunction and oxidative
damage in the PD brain post-mortem (Figure 1.8(b)) (Keeney et al. 2006, Schapira et al.
1990, Parker et al. 2007). A connection between mitochondrial dysfunction and PD is
suggested by the observation that certain mitochondrial toxins, such as rotenone and 1methy 1-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), can cause a Parkinsonian-like
syndrome. MPTP blocks mitochondrial respiration by inhibiting complex I and can
cause Parkinsonian-like syndrome in humans. Additionally, chronic treatment o f rats
with rotenone leads to PD in the rats (Betarbet et al. 2000). Early PD research
discovered that the activity of the respiratory chain component, complex I, was
decreased by 30 - 40% in the substantia nigra region o f the PD brain post mortem
(Schapira et al. 1990). However, a more recent study has shown that the decrease in
complex I is seen not only in the substantia nigra, but also in the frontal cortex o f the
PD brain (Parker et al. 2007). This finding, together with the observations o f a mutation
in the mitochondrial DNA encoding the ND5 subunit, has lead to suggestions that the
decrease in complex I may occur throughout the PD brain (Parker & Parks 2005,
Smigrodzki et al. 2004). An analysis o f the individual subunits of complex I determined
that complex I in the PD brain may be misassembled, due to the loss o f an 8-kDa
subunit and that this decreased complex I activity may be due to oxidation o f certain
subunits o f the complex from an internal oxidative source (Keeney et al. 2006). It is
thought that the complex I deficiency in PD may occur due to mutations in
mitochondrial DNA, which suggests that decreased complex I may be one o f the
primary genetic factors o f sporadic PD cases (Swerdlow et al. 1996, Parker et al. 1989,
Gu et al. 1998). Complex I inhibition, as in PD, may lead to decreased electron transfer
along the electron transfer chain, resulting in reduced mitochondrial respiration and
impaired synthesis o f ATP. Decreased availability o f ATP will compromise the activity
of cellular ATP-dependent enzymes, which could be detrimental to the cell.

Oxidative stress in the form o f depleted levels o f glutathione and oxidative damage to
lipids, proteins and DNA in the substantia nigra have been found in the PD brain post
mortem (Olanow & Tatton 1999, Perry et al. 1982, Perry & Yong 1986, Dexter et al.
1989, Jenner et al. 1992). Moreover, the antioxidant enzyme SOD has been reported to
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be upregulated in the substantia nigra o f PD patients, which may be a sign o f a
protective mechanism o f the cells towards oxidative damage and/or may increase cell
death by accumulation of hydrogen peroxide (Saggu et al. 1989). Furthermore, there are
some reports showing that the activity of the citric acid cycle enzyme, aKGDH, which
is located in the mitochondrial matrix, is decreased in the Parkinson brain post-mortem
(Mizuno et al. 1994, Gibson et al. 2000). As degeneration o f dopaminergic neurons in
PD may start at the nerve terminals, the role that dysfunctional mitochondria play in this
process is important. Therefore, it is relevant to know the control possessed by complex
I over mitochondrial respiration in isolated nerve terminals and by how much complex I
can be inhibited before a deleterious effect is seen on mitochondrial respiration.

1.3.3 Huntington’s disease

Huntington’s disease (HD) is an autosomal dominant neurological disorder that was
named after George Huntington who first reported the disease in 1872. However, the
first clear description o f the disease was made by Charles Oscar Waters in 1841. HD is
characterised by the loss o f neurons in the caudate and putamen parts o f the brain. The
mutation that results in HD is in the HTT gene, which encodes the cytoplasmic protein,
huntingtin

(The

Huntington's

Disease

Collaborative

Research

Group,

1993).

Intranuclear and intracytoplasmic aggregated huntingtin are characteristic features of
HD (DiFiglia et al. 1997). There have been recent suggestions that huntingtin may play
a role in cellular degeneration in early HD as well as in the aggregations, which may
involve compromised mitochondrial function and changes to transcriptional pathways.
Because o f its location in the inclusions in HD brains, aggregated huntingtin has been
implicated as the toxic species. As well as the aggregated form, the soluble oligomeric
form of huntingtin has recently been considered to be a possible neurotoxic species.
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Figure 1,8: Mitochondrial involvement in neurodegeneration

Mitochondrial dysfunction has been implicated in (a) Alzheimer’s disease (AD), (b)
Parkinson’s disease (PD) and (c) Huntington’s disease (HD), (a) In AD, APP is cleaved
to generate (3-amyloid protein. (3-amyloid levels are increased in cells and animal
models in response to elevated ROS levels and impaired energy metabolism. (3-amyloid
can reduce complex IV (C-IV), a-ketoglutarate dehydrogenase (KGD), pyruvate
dehydrogenase (PDH) and isocitrate dehydrogenase (ICDH) enzyme activities. The
binding o f |3-amyloid to amyloid-binding alcohol dehydrogenase (ABAD) and the
inhibition o f KGD lead to increased ROS generation (white stars) in AD. There is a
higher level o f somatic mutations in the mitochondrial DNA (mtDNA) control region
(CR) in AD patients than in age-matched control subjects, (b) Complex I activity is
reduced in Parkinson’s disease (PD). The complex I inhibitors rotenone and MPTP
induce a parkinsonian-like syndrome. Mutations in mtDNA-encoded complex I subunits
12S rRNA and POLO are involved in PD. Impaired complex I can bring about
increased ROS generation (white star). PD involves altered expression o f PINK, DJ-1
and Parkin, which have varying roles in mitochondrial and cellular function. Parkin may
associate

with

mitochondrial

transcription

factor

A

(TFAM).

Compromised

mitochondrial function can result in the initiation o f apoptosis, which involves the
release of cytochrome c through the PTP. (c) Complex II (also known as succinate
dehydrogenase) activity is reduced in Huntington’s disease (HD). Mutations in the HTT
gene can lead to the formation o f mutant HTT, which associates with the mitochondrial
outer membrane and enhances cytochrome c release and can also translocate to the
nucleus where it enhances transcription of p53. p53 can encourage apoptosis by
activating the pro-apoptotic factor Bax or by elevating expression o f BH3-only Bcl-2
family members PUMA and NOXA. Abbreviations: IMM = Inner mitochondrial
membrane, OMM = outer mitochondrial membrane, IMS = intermembrane space.
Picture was adapted from Beal & Lin (2006).
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1.3.3.1 Mitochondrial dysfunction in Huntington’s disease

Mitochondrial impairment may play a role in the pathogenesis of HD (Figure 1.8 (c)).
As with AD and PD, electron transport chain deficiencies and oxidative damage have
been reported in the HD brain post-mortem (Browne et al. 1997, Brennan et al. 1985,
Saft et al. 2005). Examination o f the respiratory chain complexes in the brains of HD
patients showed decreased complex 11/111 activity in the caudate (~ 29%) and putamen
(~ 67%), and reduced complex IV activity in the caudate nucleus (~ 30%), putamen (~
62%) and in mitochondrial membranes (Brerman et al. 1985, Browne et al. 1997).
Oxidative damage has also been reported in the Huntington’s brain (Saft et al. 2005). It
is not clear at present whether mitochondrial impairment possesses a causal role in HD
or whether it is a result o f neuronal damage by other processes.

1.3.4 Neurotherapeutic agents involving mitochondrial actions

Numerous pharmacological agents, which operate by altering mitochondrial function,
are being investigated for their possible beneficial effects in neurodegenerative
disorders. Examples o f these neurotherapeutic agents include ubiquinone (see Section
1.3.4.1), creatine, carnitine, acetyl-L-camitine, Ginkgo biloba, nicotinamide, vitamin E,
dactylorhin B, lipoic acid and uncoupling proteins (Sano et al. 1997, Beal 2003, Zhang
et al. 2006, Kidd 2008). Some o f these agents have been termed ‘nutriceuticals’ because
they are essential nutrients that are normally present in the mitochondria and cell, whose
levels can diminish during disease or ageing. However, the reintroduction o f these
agents into cells can have advantageous effects, e.g., ubiquinone, vitamin E, carnitine
and creatine. These potential neurotherapeutic agents work by different cellular
mechanisms, which involve some aspect o f attenuation o f mitochondrial function. A
number o f the compounds, such as ubiquinone, carnitine, vitamin E and Gingko biloba,
are antioxidants and operate by reducing oxidative stress in the cells.

Creatine has shown advantageous effects in many animal models o f neurodegeneration
and is currently being assessed in early stage trials to treat PD in humans. Creatine
stimulates the generation o f phosphocreatine, which enhances the overall energetic state
of the cells. Creatine can protect cells from apoptotic cell death by maintaining CK in
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its octameric form, which inhibits PTP opening, rather than in its dim eric form, which
faciUtates perm eabihty transition (see Section 1.1.6). Creatine may have the capacity to
reduce cellular degeneration in certain neurodegenerative disorders because it has
exhibited protective effects against P-amyloid toxicity in rat hippocam pal neurons,
against M PTP-induced parkinsonian-like syndrome in mice and has resulted in
increased neuronal survival in animal models o f ALS and HD (M atthews et al. 1999,
Brewer & W allim ann 2000, Ferrante et al. 2000, Klivenyi et al. 1999).

Acetyl-L-cam itine (ALC) and carnitine are involved in the transport o f fatty acids into
and out o f the mitochondria. Both acetyl-L-camitine and carnitine are being investigated
for their potential neuroprotective properties. Carnitine im proved cellular survival and
m itochondrial function in l-m ethyl-4-phenylpyridinium (M PP^)-treated rat forebrain
prim ary cultures (W ang et al. 2007). ALC attenuated com plex I activity, Aipm, ATP
synthesis, glutathione levels and prevented increased ROS production in rotenonetreated SK-N-M C hum an neuroblastom a cells when com pared to controls that had not
been treated with ALC. (Zhang et al. 2008). This study also found that co-treatm ent
with ALC and lipoic acid (another potential neurotherapeutic agent) reduced the
effective concentrations o f the individual compounds. In addition, ALC has been shown
to be safe and to have beneficial effects in patients with AD (M ontgomery et al. 2003).

Ginkgo biloba has been shown to be effective in attenuating m itochondrial function.
Aipm and ATP levels were m aintained and oxidative dam age was reduced by treatm ent
with Ginkgo biloba in sodium nitroprusside-treated P C -12 cells (Eckert et al. 2005). In
addition. Ginkgo biloba has had beneficial effects in animal models o f PD and in human
AD trials, in w hich it im proved cognitive function in AD patients and slowed the
progression o f the disease (Le Bars 2003, Le Bars et al. 2002, N apryeyenko &
Borzenko 2007).

V itam in E has long been proposed as a neurotherapeutic agent because o f its
antioxidant properties. It showed prom ising results in slowing the progress o f AD in
early studies (Grundman 2000, Sano et al. 1997). However, later studies on vitam in E in
AD contradicted these findings (Petersen et al. 2005). It has been suggested that it may
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be the isom eric forms o f tocopherol in vitam in E that may account for the different
findings obtained w'ith vitam in E (Kidd 2008).

Zhang et al (2006) investigated the potential o f dactylorhin B as a neuroprotective
agent. D actylorhin B protected against P-am yloid-induced m itochondrial dysfunction in
non-synaptic m itochondria. In the presence o f 50 )xM (3-amyloid25-35, dactylorhin B
prevented inhibition o f certain m itochondrial enzym es (com plex IV, PDH and aK G D H )
reduced depolarisation o f Aipm, decreased m itochondrial swelling, decreased the release
o f cytochrom e c and increased glutathione levels (Zhang et al. 2006).

1.3.4.1 Ubiquinone as a neurotherapeutic agent

As discussed in Section 1.1.2, ubiquinone (Figure 1.9) perform s num erous functions in
the cell. A m ongst these, it acts as an electron carrier in the electron transport chain, as
an antioxidant and as a cofactor for uncoupling proteins (Echtay et al. 2001).
Ubiquinone levels change significantly during the ageing process (Edlund et al. 1994,
Edlund et al. 1992, Battino et al. 1995, Pignatti et al. 1980) and are additionally
affected in various neurodegenerative disorders. Ubiquinone is significantly reduced in
platelet m itochondria and in the m itochondria from PD patients when com pared with
age-m atched controls (Shults et al. 1997, Fontaine & B em ardi 1999). Some studies
have reported that ubiquinone is altered in AD (Edlund et al. 1994, Edlund et al. 1992).
These observations o f alterations in ubiquinone levels, along w ith the w idely-reported
antioxidant effects o f ubiquinone and its essential role in m itochondrial bioenergetics,
have brought about suggestions that ubiquinone may play a role in retarding cellular
degeneration and may attentuate certain diseases.

Recent investigations evaluated the possible beneficial effects o f ubiquinone in the
treatm ent

o f neurodegenerative

disorders,

such

as

PD,

HD

AD,

progressive

supranuclear palsy (PSP) and am yotrophic lateral sclerosis (ALS) (G alpem &
Cudkow icz 2007). A hum an trial study showed that ubiquinone slowed the rate o f
decline o f patients w ith PD, by exam ining patients according to the unified Parkinson’s
disease rafing scale (UPDRS), w ith the highest dose (1200 mg/day) having the most
efficacy (Shults et al. 2002).
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Figure 1.9: Chemical struture of ubiquinone

Picture taken from <http://w w w .alchem intem ational.com /im ages/qlO .gif> (10/10/08).
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In addition, animal model studies and in vivo research have shown that ubiquinone can
have advantageous effects (Cleren et al. 2008, Beal et al. 1998, Smith et al. 2006,
Horvath et al. 2003). Beal et al. (1998) and more recently, Cleren et al. (2008) reported
that ubiquinone protected against MPTP neurotoxicity in mice. Ubiquinone improved
the motor performance and increased the survival o f the R6/2 transgenic mice, a HD
animal model (Smith et al. 2006). A study o f rotenone-induced cell death in primary rat
dopaminergic mesencephalic cultures found that ubiquinone had a protective effect
(Moon et al. 2005).

The advantageous effects o f ubiquinone are fast becoming well-documented but the
mechanisms by which ubiquinone induces these effects are not yet established. As
mentioned above, ubiquinone acts as an antioxidant. It is thought that it is the reduced
form, ubiquinol (UQH 2) that has antioxidant properties, by acting directly on
superoxide radicals, indirectly on lipid radicals and by facilitating the reduction o f atocopheroxyl radicals to the antioxidant, a-tocopherol (vitamin E) (Emster & Dallner
1995, Emster et al. 1992, Constantinescu et al. 1994). As a result o f the antioxidant
property o f ubiquinone, it could be presumed that ubiquinone attenuates the diseases
and increases neuron survival through decreased ROS levels, reducing oxidative stress
in the cell. However, certain studies have suggested that ubiquinone may act by another
or an additional method because different antioxidants, such as glutathione and vitamin
C, do not attenuate cellular fiinction in the same way as ubiquinone (Moon et al. 2005,
Papucci et al. 2003). Instead, these papers suggest that ubiquinone may protect neurons
through maintenance of the AijJm- Papucci et al. (2003) showed that ubiquinone reduced
levels o f apoptosis induced by non-free radical producers, such as antimycin A and
ceramide, in rat comeal keratocytes.

The use o f ubiquinone to enhance mitochondrial function is obviously interesting in
theory, however, ubiquinone is a highly hydrophobic molecule and will not travel to
mitochondria in in vitro experiments. Therefore, other mechanisms must be employed
in in vitro experiments to hamess the beneficial effects o f ubiquinone.
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1.4 Aims o f the thesis

1) To perform bottom -up metabolic control analysis o f com plex I, com plex II/III and
com plex IV in rat brain synaptosomes in order to determ ine the flux control coefficients
and inhibition thresholds for the enzym es o f interest. Four inhibitors, rotenone,
myxothiazol, antimycin A and potassium cyanide will be used to titrate synaptosomal
oxygen consum ption and com plex activities.

2) To carry out investigations into the effects o f decylubiquinone, a ubiquinone
analogue,

on

mitochondrial

function

in

rat

brain

synaptosomes.

Aspects

of

mitochondrial function that will be exam ined are:
- Synaptosomal oxygen consumption
- The activities o f com plexes I, I/III, II/III, III and IV o f electron transport chain
- Flux control coefficients o f respiratory com plexes
- Inhibition threshold effects o f respiratory chain com plexes
- ROS production

3) To investigate the effects o f the A lzheim er’s disease neurotoxin (3-amyloid, in its
soluble form, on certain aspects o f m itochondrial function in rat brain synaptosom es in
order to gain a clearer picture o f the relationship between |3-amyloid and mitochondrial
function.
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C h a p ter 2

General Materials and Methods
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2.1 Materials

Antimycin A, ascorbic acid, |3-amyloid25-35, bovine serum albumin, calcium chloride,
cytochrome c, decylubiquinone, dipotassium hydrogen phosphate,

n-dodecyl-P-

maltoside, DMSO, FCCP, ferricyanide, Ficoll, horseradish peroxidase, magnesium
sulphate, myxothiazol, NAD^, NADH, potassium
potassium

hydroxide, rotenone,

chloride, potassium cyanide,

sodium borohydride,

sodium chloride,

sodium

hydroxide, sodium pyruvate and Tris were purchased from Sigma Aldrich, Poole
Dorset, UK.

Dipotassium EDTA, disodium EDTA, hydrochloric acid, magnesium chloride,
cyclohexane, ether and sucrose were obtained from BDH, Poole, Dorset, UK.

(3-amyloidi.42 was sourced from Bachem, Weil am Rhein, Germany.

Bio-Rad solution was obtained from Alpha Technologies Ltd, Blessington Industrial
Estate, Blessington, Co Wicklow.

Potassium dihydrogen phosphate was obtained from Merck Chemicals, Darmstadt,
Germany.

JC-1 and Amplex Red were sourced from Molecular Probes, Eugene, Oregon, USA
and BCA kits from Pierce, Rockford, Illinois, USA.

Female Wistar rats were obtained from the BioResources Unit in Trinity College,
Dublin.

2.2 Preparation of solutions

Reagents were weighed out on a Mettler College Model analytical balance for weights
o f less than 5 g and on a Mettler K7T top-loading balance for weights above 5 g.
Aqueous solutions were prepared using deionised water.
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2.3 Pipetting

A set o f Gilson pipettes was used to pipette volum es in the range o f 3 fxl to 5 ml.

2.4 pH measurements

pH m easurem ents were perform ed using a C om ing pH m eter - M odel 240. This pH
m eter was calibrated daily using standard buffer solutions at pH values o f 4.0, 7.0 and
10 . 0 .

2.5 Centrifugation

A Sorvall RC-5B centrifuge w ith an SS34 rotor (8 x 50 ml) was used for centrifuging
the rat brain samples. The centrifuge was pre-cooled to 4 °C before use and all
centrifugations were perform ed

at this temperature.

A

Sorvall

Discovery

100

ultracentrifuge was used to centrifuge the samples at 104,200 g using an AH629 rotor at
4 °C. A Beckm an TL-100 ultracentrifuge was used to centrifuge (3-amyloid 1.42 at
100,000 g at 4 °C. An Eppendorf bench-top Centrifuge 5415R was used to centrifuge
samples at 16,100 g at 4 °C.

2.6 Spectrophotometry

A variety o f spectrophotom eters was used to carry out spectrophotom etric analysis. A
Unicam He)^105Y spectrophotom eter w as used to m easure the absorbance values for the
Bradford Assay. A V arian Cary M odel 500 was used for the electron transport chain
com plex assays. A Spectram ax 340PC 96-weII plate reader was used for LDH assays
and BCA protein determ ination experiments.

2.7 Spectrofluorimetry

A Spectram ax Gem ini XS plate reader was used to carry out spectrofluorim etric assays.
Black 96-well plates w ere used in this m achine, w ith a final volum e o f 200 )j.1.
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2.8 Preparation of synaptosomes

The procedure for the preparation o f synaptosom es was based on that by Lai & Clark
(1976). Before and during the procedure, all buffers were kept on ice at 4 °C. Centrifuge
tubes and beakers were rinsed with the appropriate buffers before use. Tw o fem ale
Wistar rats (~ 250 g) were stunned and killed by cervical dislocation. The brains were
dissected out and placed in - 40 ml cold STE buffer (320 mM sucrose, 10 mM Tris, 1
mM EDTA, pH 7.4). The brains were cut up, placed into a glass Kontes hom ogenising
tube (in - 30 ml o f STE buffer) and hom ogenised with a tight-fitting pestle until the
mixture became hom ogenous. The hom ogenate was divided between two 50 ml
centrifuge tubes and the volum e was adjuste to 40 ml with STE. The tubes were
centrifuged at 823 g for 3 min at 4 °C. I'he supernatant from each tube w as centrifuged
at 9,148 g for 10 min. The pellets were carefully extracted from the tubes and
hom ogenised in the glass Kontes hom ogeniser. The hom ogenate was made up to 9 ml
with STE buffer and placed on a discontinuous Ficoll gradient consisting o f 18 ml o f
10% (w /v) Ficoll in STE, with 9 ml o f 7.5% (w /v) Ficoll in STE on top (see Figure.
2.1a). The Ficoll and hom ogenate were placed into an ultracentrifuge tube using Pasteur
pipettes and the gradient was balanced against an ultracentrifuge tube o f STE buffer.
The tubes were ultra-centrifuged at 104,200 g for 45 min at 4 °C with an acceleration
speed o f 0 and a deceleration speed o f 9.

After 45 min, the top layers o f Ficoll and m yelin were removed with a Pasteur pipette
(see Figure. 2.1b). The synaptosom es were extracted in the same manner and were re
suspended in 40 ml o f STE buffer in a 50 ml centrifuge tube. The tube was balanced
against another tube o f STE buffer and both were centrifuged at 13,173 g for 10 min.
The pellet was hom ogenised in a 2 ml hom ogeniser and re-suspended in 2 ml o f STE
buffer and the Bradford assay w as performed on the sample to determine the protein
concentration. Krebs buffer (3 mM KCl, 140 m M NaC l, 25 mM Tris HCl, 10 mM
glucose, 2 mM M gC b, 2 mM CaCl 2 , pH 7.4) w as used as the assay buffer in a number
o f synaptosomal experiments.
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a)

b)

Post 9,148 g spin pellet

Myelin
7.5% Ficoll

7.5% Ficoll
---------------------------------- ►
10% Ficoll

Synaptosomes
10% Ficoll

Non-synaptic mitochondria

Figure 2.1: Ficoll gradients involved in synaptosom al isolation procedure

The com ponents o f the Ficoll gradients before (a) and after (b) ultracentrifugation at
104,200 g for 45 min at 4 °C. (a) consists o f the crude mitochondrial pellet on top o f
7.5% Ficoll, which is layered on top o f 10% Ficoll in an ultracentrifuge tube, (b)
centrifuge tube after centrifugation. Ficoll and myelin are found at the top o f the tube.
The next layer consists o f 7.5% Ficoll and the middle layer consists o f synaptosomes.
The largest layer consists o f 10% Ficoll, which lies above the non-synaptic
mitochondria pellet at the bottom o f the tube.
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2.9 Determination of synaptosomal protein concentration: Bradford assay

The Bradford assay was used to calculate the amount o f protein in the synaptosomal
samples. A standard curve was generated using bovine serum albumin (BSA). Samples
were organised as seen in Table 2.1. 10 fxl o f synaptosomal sample were diluted 1:100
in distilled water. 100 ^^1 of diluted sample were added to 700 |al distilled water in
triplicate. 200 ^il o f Bio-Rad dye were added to each sample and the samples were left
at room temperature for 30 min. After 30 min, the samples were assayed in a Unicam
HeXlOSy spectrophotometer at 595 nm in 1 ml plastic cuvettes. A BSA standard curve
was generated and a straight line was fitted to these points generating an equation that
was used to quantify the concentration o f synaptosomes (Figure. 2.2).

2.10 Measurement of oxygen consumption rates

A Clark-type oxygen electrode was used to measure the respiration rate o f the
synaptosomal samples. It was obtained from Rank Brothers Ltd., Bottisham,
Cambridge, England. The samples were placed in the 7 ml reaction chamber, which was
thermostatted to 37 °C by a water jacket. The electrode (consisting o f a platinum
cathode and a silver anode) was covered by a saturated KCl bridge and was separated
from the chamber by an oxygen-permeable, ion-permeable Teflon membrane. A stirrer
was used in the chamber to agitate the reaction medium. Synaptosomes (1 mg/ml) were
prepared as described in Section 2.8 and were added to warm Krebs buffer in the
reaction chamber. The toxin and/or chemical o f interest was then added before the
chamber was sealed and air bubbles were excluded. The rate o f oxygen consumption
was followed for 5 - 6 min. The results were recorded on a dual-pen Kipp & Zonen
BDl 11 Chart Recorder that was set to 0 to 10 mV full-scale deflection and at a speed o f
10 mm/min. The chamber was thoroughly cleaned with ethanol and distilled water
before the next assay was started. The rates o f oxygen consumption per min were
calculated from the trace and were converted to rates o f synaptosomal oxygen
consumption (JO 2) (nmol

0 2 /min/mg)

or to % oxygen consumption, depending upon the

experiment.
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Bovine Serum Albumin (jig)

0

2

5

10

15

20

Distilled water (jo.1)

800

780

750

700

650

600

0.1 mg/ml BSA (^il)

0

20

50

100

150

200

Bio-Rad dye (|j,1)

200

200

200

200

200

200

Table 2.1: Contents of samples in the Bradford assay
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Figure 2.2: A typical BSA standard curve

A BSA standard curve was created daily for the Bradford assay. The BSA samples
contained BSA, water and Bio-Rad solution as per Table 2.1. The synaptosomal
samples contained synaptosomes instead o f BSA. The samples were allowed to sit for
30

min

at room

temperature

before

being

assayed

in a Unicam

HeXlOSy

spectrophotometer at 595 rma. The absorbance values were plotted and the graph was
used to determine the concentration o f unknown protein in the synaptosomal samples.
The experiment was carried out in triplicate on each day that synaptosomes were
prepared. The results were expressed as mean values ± SEM (error bars). At points
where no error bar is shown, the SEM was within the size o f the symbol.
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2.11 Respiratory chain com plex activity assays

Synaptosom es were prepared as described in Section 2.8 and were assayed for rates o f
synaptosomal oxygen consum ption using the oxygen electrode cham ber at 37 °C for 5 6 min (see Section 2.10). Subsequently, the synaptosomal samples were freeze fractured
three tim es using liquid nitrogen and were stored at - 80 °C. The samples were assayed
for the respiratory chain com plex activities o f interest (see Sections 2.11.1 - 2.11.5)
within three weeks o f storage.

The synaptosom al samples that were exam ined in the oxygen electrode were
subsequently assayed for the appropriate com plex activities. Therefore, the final
concentration o f the inhibitors was reduced when com pared to the concentration o f the
inhibitors in the oxygen electrode. However, rotenone, m yxothiazol, antim ycin A and
KCN are irreversible inhibitors and therefore, dilution o f the samples in the reaction
media for the com plex assays did not alter the level o f inhibition o f the com plexes by
the inhibitors.

2.11.1 Com plex I assay

Complex I activity was measured spectrophotom etrically using a m ethod based on that
o f Ragan et al (1987). This assay m easured the decrease o f N A D H at 340 nm and 37 °C
in a Cary UV spectrophotometer. The reaction buffer contained 10 m M M gCl 2 and 25
mM potassium phosphate buffer (pH 7.4). The assay m ixture consisted o f the reaction
buffer, 0.2 mM N ADH, 2.5 mg BSA and 1 mM KCN. 100 |j.g o f synaptosom al enzyme
were added to the buffer in plastic cuvettes with a final volum e o f 1 ml.
Decylubiquinone (50 fxM) was added to start the reaction in the spectrophotom eter and
the reaction was followed for 7 - 8 min, after which time rotenone (10 [xM) was added
to obtain the rotenone insensitive rate for a further 5 - 6 min. The rotenone insensitive
rate was subtracted from the initial rates to obtain the com plex I activity o f the samples.
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2,11.2 Complex I/III assay

Complex I/III (EC 1.6.99.3, NADH:cytochrome c oxidoreductase) activity was
examined with the technique used by Powers et al (2007), which followed the reduction
o f oxidised cytochrome c at 550 nm and 37 °C in a Cary UV spectrophotometer. The
assay mixture contained 50 mM potassium phosphate buffer (pH 7.4), 1 mM KCN, 100
|o,M oxidised cytochrome c and 25 |j.g o f synaptosomes in plastic cuvettes with a final
volume o f 1 ml. The addition o f 100 |aM NADH initiated the reaction, which was
followed for 7 - 8 min, after which time, rotenone (10 |iM) was added to obtain the
rotenone insensitive rate for a further 5 - 6 min. The rotenone insensitive rate was
subtracted from the initial rates to obtain the complex I/III activity o f the samples.

2.11.3 Complex II/III assay

Complex II/III (EC 1.8.3.1, succinateicytochrome c oxidoreductase) activity was
examined using an assay based on the method o f King (1967). This reaction followed
the reduction o f cytochrome c, using succinate as the electron donor, at 550 nm and 37
°C in a Cary UV spectrophotometer. Samples (50 ^ig o f synaptosomal protein) were
added to plastic cuvettes containing buffer (100 mM potassium phosphate, 0.3 mM
potassium-EDTA, pH 7.4), 1 mM KCN and 100 jiM oxidised cytochrome c in a final
volume of 1 ml. The reaction was initiated by the addition o f succinate (20 mM) and the
increase in absorbance was followed for 7 - 8 min, after which time, antimycin A (1
[iM) or myxothiazol (1 [iM) was added to obtain the antimycin A- or myxothiazolinsensitive rates for a further 5 - 6 min. The antimycin A- or myxothiazol-insensitive
rates were subtracted from the initial rates to obtain the complex II/III activity o f the
samples.

2.11.4 Complex III assay

Complex III activity was examined using a modification o f the method o f Ragan et al
(1987), which monitored the oxidation of decylubiquinol (with cytochrome c as the
electron acceptor) as an increase in absorbance at 550 nm in a Cary UV
spectrophotometer at 37 °C. The reaction buffer consisted o f 25 mM potassium
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phosphate, 5 mM M gCl 2, 2.5 mg/ml and BSA (pH 7.2). The assay mixture contained 1
mM KCN, 100 )aM oxidised cytochrom e c, 600 |j.M n-dodecyl-P-m altoside, 35 uM
decylubiquinol (see Section 2.11.4.1) and 10 |j,M rotenone in 1 ml plastic cuvettes. The
reaction was started by the addition o f 50 |ig o f synaptosomal samples and the rates
were followed for 7 - 8 min. A few grains o f ascorbate were added to reduce the
rem aining cytochrom e c. The rates increased rapidly but then became non-linear so the
activity was expressed as an apparent first-order rate constant.

2.11.4.1 Preparation o f decylubiquinol

Before the com plex 111 assays could be perform ed, the reduced form o f decylubiquinone
(decylubiquinol) was prepared from oxidised decylubiquinone. 1 ml o f 100 |j.M
decylubiquinone was prepared in ethanol and w as acidified to pH 2 with 6 M HCl. A
pinch o f sodium borohydride and 1 ml distilled w ater were added to reduce the
decylubiquinone to a colourless liquid. The solution was added to 3 ml diethylether:
cyclohexane (2:1 v/v) and the upper layer was extracted. The rem aining solution was
dried under nitrogen, after which the decylubiquinol was dissolved in ethanol that had
been acidified to pH 2 with 6 M HCl. D ecylubiquinol was aliquotted and frozen at - 80
°C until required.

The

concentration

o f decylubiquinol

was

determ ined

by

exam ining

it

in

a

spectrophotometer. Two quartz cuvettes each containing 990 |j.l ethanol were set to zero
in the spectrophotom eter at 275 nm. 10 |il decylubiquinol were added to each and the
absorbance was noted. Subsequently, KOH (6 M ) was added to the back cuvette to
oxidise the decylubiquinol and the absorbance w as noted. The latter absorbance value
was subtracted from the form er value to give the absorbance change at 275 nm from
w hich the concentration o f decylubiquinol was calculated.

2.11.5 C om plex IV assay

Complex IV was exam ined using a m ethod based on that by W harton and T zagoloff
(1967). The oxidation o f reduced cytochrom e c by cytochrom e c oxidase was m easured
as a decrease in absorbance at 550 nm in a Cary UV spectrophotom eter at 37 °C. Plastic
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cuvettes contained 50 fxlVI reduced cytochrome c (see Section 2.11.5.1) and 100 \x\
potassium phosphate buffer (100 mM), pH 7.0, with a final volume made up to 1 ml
with distilled water. The absorbance in the cuvettes was set to zero. 10 jxl of
ferricyanide were added to the reference cuvette and the assay was started. After 2 min,
50 fxg synaptosomes were added to the reference cuvette and the assay was measured
for 2 - 3 min. 50 fxg synaptosomes were added to the remaining cuvettes and the assay
was monitored for a further 10 min. The rates decreased rapidly but then became non
linear so the activity was expressed as an apparent first-order rate constant.

2.11.5.1 Preparation of reduced cytochrome c

Oxidised cytochrome c (25 mg/ 2.5 ml) was reduced by the addition o f a few crystals of
ascorbic acid. A colour change from a deep red to a brighter pink was observed.
Ascorbic acid was removed by passing this solution through a PDio gel filtration
column. Prior to the addition o f this solution, the column had been rinsed with 50 ml
1:10 (v/v) dilution o f potassium phosphate buffer (100 mM), pH 7.0. Oxidised
cytochrome c was added to the column in a maximum volume o f 2.5 ml. The column
was eluted with 50 ml 1:10 (v/v) dilution of assay buffer. The reduced cytochrome c
was obtained by collecting the darkest band o f eluent from the column. The
concentration

of

reduced

cytochrome

c

was

determined

on

a

Cary

spectrophotometer using 10 fj,l o f 100 mM ferricyanide to oxidise cytochrome c.
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2.12 Lactate dehydrogenase assay

Synaptosomes were prepared as previously described in Section 2.8 and were assayed
for rates o f synaptosomal oxygen consum ption in the oxygen electrode cham ber at 37
°C for 5 - 6 min (see Section 2.10). Subsequently, the synaptosomal samples were
centrifuged in a bench-top Eppendorf Centrifuge 5415R at 16,100 g at 4 °C for 5 min.
The supernatant was rem oved and frozen at - 80 °C until required for the lactate
dehydrogenase (LDH) assay. The LDH assay was used to examine the integrity o f
synaptosomal plasm a membranes. This assay m easured the activity o f the enzym e,
LDH, in the extracellular incubation medium. LDH activity was m onitored by
following the conversion o f NADH to NAD^ in a Cary UV spectrophotom eter at 340
nm at 37 °C. The reaction medium contained 200 mM potassium phosphate buffer (pH
7.2), 700 fxM sodium pyruvate and 100 [xg synaptosomal samples in plastic cuvettes,
giving a final volum e o f 1 ml. NADH (130 ^M ) was added to the cuvettes to initiate the
reaction. The reaction was monitored for 10 min, after which time, the rates were
determined and converted to the specific activity o f LDH.

2.13 Determ ination o f hydrogen peroxide production

Hydrogen peroxide (H 2 O 2 ) can be assayed as an indicator o f synaptosomal superoxide
production because superoxide is rapidly converted to H 2 O 2 by SOD in m itochondria
(Forman & Azzi 1997). A mplex Red was used to m onitor H 2 O 2 production in
synaptosomes. The A m plex Red assay is a horseradish peroxidase-coupled reaction.
Amplex Red is converted to fluorescent resorufm when oxidised.

Synaptosomes (1 m g/m l) were resuspended in Krebs buffer and were added to the wells
o f a black 96-well plate. The toxin and/or solution o f interest was added to the
appropriate wells. A m plex Red (50 |o,M) and 2.5 U/ml o f horseradish peroxidase were
added to all o f the wells and the fluorescence intensity was m onitored in a Spectramax
Gemini XS plate reader at an excitation w avelength o f 550 nm and an em ission
wavelength o f 590 nm. The relative fluorescence unit values (RFU) and assay rates
were converted to pmol values and pm ol/m in/m g, respectively, using H 2 O 2 standard
curves that were generated with known concentrations o f H 2 O 2 (see Figure 2.3). Two
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standard curves were created; one in the absence o f decylubiquinone and one in the
presence of 50 )j.M decylubiquinone.

2.14 Preparation of toxins

The complex I inhibitor, rotenone was prepared in pure ethanol with a stock
concentration o f 1 mM and was stored at - 20 °C. Similarly, the complex III inhibitors,
myxothiazol and antimycin A, were prepared in pure ethanol with stock concentrations
o f 50 |iM and 100 )iM, respectively and were stored at - 20 °C. The complex IV
inhibitor, potassium cyanide (KCN) was prepared in distilled water with stock
concentration o f 100 mM and was stored at - 20 °C.

2.15 Preparation of decylubiquinone

Decylubiquinone was prepared in pure ethanol with a stock concentration o f 10 mM
and was stored at - 20 °C for 1 month.

2.16 Statistical Analysis

Statistical analysis was carried out using Prism (Version 4.0c, 2005) computer program
(GraphPad Software Inc). Unpaired t-tests were used to analyse the samples from two
groups that had been treated differently. One-way ANOVA with post-hoc Bonferroni
analysis were used to examine results that consisted o f more than two groups.
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Figure 2.3: Standard curve of hydrogen peroxide in the absence and presence of 50
decylubiquinone assayed with Amplex Red

Increasing concentrations o f H 2 O 2 (0 - 100 pmol) were added to a black 96-well plate
w ith Krebs buffer in the absence (blue trace) and the presence (red trace) o f 50 |a,M
decylubiquinone (DecQ). The plate was assayed with the Amplex Red assay in a
Spectram ax Gemini XS plate reader, at an excitation w avelength o f 550 nm and an
em ission w avelength o f 580 nm at 37 °C. Experim ents were perform ed in triplicate and
the results are expressed as mean relative fluorescence units (RFU) ± SEM (error bars).
At points where no error bar is shown, the SEM was w ithin the size o f the symbol.
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Chapter 3

Metabolic control analysis of the respiratory chain complexes in in situ
rat brain mitochondria
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3.1 Introduction

Mitochondrial

dysfunction,

involving

mitochondrial

respiratory

chain

complex

deficiencies, has been implicated in the pathogenesis o f numerous neurodegenerative
disorders,

such as Alzheimer’s disease

(AD), Parkinson’s disease

(PD)

and

Huntington’s disease (HD) (Olanow & Tatton 1999, Kish et al. 1992, Maurer et al.
2000, Browne et al. 1997, Schapira et al. 1990). Complex I activity is reduced in the
Parkinson’s brain post-mortem (see Section 1.3.2), complex IV activity is decreased in
Alzheimer’s disease (see Section 1.3.1) and complex II/III and complex IV have been
reported to be decreased in the Huntington’s brain (see Section 1.3.3). Compromised
mitochondrial function can induce deleterious effects on the neuron, such as reduced
energy supply, Aipm depolarisation, initiation o f apoptosis and increased levels o f ROS.
The process of oxidative phosphorylation occurs in the mitochondrial inner membrane
and involves the transfer of electrons from complexes I and II to complex III and
complex IV in the electron transport chain (see Section 1.1.2), coupling oxygen
respiration to ATP synthesis.

As described in Chapter 1, metabolic control analysis (MCA) can be useful for
investigating the spread o f control over the entire flux o f a system, e.g., the control that
each of the respiratory chain complexes exerts on overall synaptosomal oxygen
consumption. In view o f the observations that flux control coefficients and thresholds
can vary depending on tissue source, age o f animals, energy state and experimental
control conditions, it is beneficial to investigate the spread of control in an environment
as similar to the in vivo situation as possible. Previous MCA studies have been
performed on isolated synaptic and non-synaptic rat brain mitochondria and on crude
mitochondrial pellet samples (Davey & Clark 1996, Davey et al. 1998, Rossignol et al.
1999, Rossignol et al. 2000, Davey et al. 1997). The spread o f control between the
respiratory chain complexes over synaptosomal oxygen consumption and ATP
synthesis varies in isolated non-synaptic mitochondria when compared with synaptic
mitochondria. Complex I possesses the highest level o f control, with a flux control
coefficient o f 0.29 in synaptic mitochondria, whereas in non-synaptic mitochondria,
complex IV has the highest level o f control, with a flux control coefficient o f 0.24
(Davey & Clark 1996, Davey et al. 1998). However, isolated mitochondria studies may
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have som e Umitations, such as damage caused to mitochondrial membranes during the
isolation procedure and the loss o f the relationship between the mitochondria and the
rest o f the cell, which may lead to the loss o f correct channelling o f respiratory
substrates to the mitochondria, e.g., o f N A D H to com plex I (Cadenas & D avies 2000,
Villani & Attardi 2000). Therefore, it is o f interest to analyse the flux control
coefficients and inhibition threshold levels o f the electron transport chain com plexes in
an in situ environment, such as in synaptosom es, w hich are physiologically energised
with endogenous substrates from g ly co ly sis and the citric acid cycle (see Section 1.2).

In this study, appropriate irreversible inhibitors were used to titrate out the individual
respiratory

chain

com plex

activities

to

investigate

their

spread

o f control

in

synaptosomal mitochondria: (i) Rotenone (see Figure 3.1 (a)) was used inhibit com plex
I, (ii) two inhibitors, m yxothiazol and antim ycin A (see Figure 3.1 (b) & (c)), were
em ployed to inhibit com plex III, in order to exam ine the control possessed by com plex
II/III and (iii) potassium cyanide (K C N ) was used to inhibit com plex IV.

Rotenone is a potent, hydrophobic, non-com petitive inhibitor o f com plex I. It is thought
that rotenone binds at the ubiquinone-binding site, thereby preventing access to
com plex I by ubiquinone (T zagoloff 1982). It has been proposed that rotenone inhibits
the membrane-bound N D l subunit o f com plex I (Earley & Ragan 1984, Earley et al.
1987, T ocilescu et al. 2007). M yxothiazol and antim ycin A bind at different sites on
com plex III. M yxothiazol binds at the Qp site o f com plex III, blocking electron transfer
from ubiquinol to the iron-sulphur protein. Antim ycin A inhibits com plex III by binding
near bL at the Q„ site, thereby blocking electron transfer from hem e bn to oxidised
ubiquinone. KCN binds at the binuclear cytochrom e A3 -Cub centre in com plex IV,
w hich then inhibits the binding o f O 2 , preventing the transfer o f electrons to ATP
synthase (H ill & Marmor 1991).

3.1.1 Aim of the chapter

To investigate the spread o f control o f the respiratory chain com ponents, com plex I,
com plex II/III and com plex IV, over synaptosom al oxygen consum ption in rat brain
synaptosom es, by determining their flux control coefficients and inhibition thresholds.
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a)

b)

c)

O
OH

Figure 3.1 Structures of (a) rotenone, (b) myxothiazol and (c) antimycin A
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3.2 Methods

3.2.1 Examination of synaptosomal oxygen consumption rates

Synaptosomes were prepared as described in Section 2.8 from - 6 week-old adolescent
female Wistar rats and the protein concentration was determined using the Bradford
assay (see Section 2.9). The rates o f synaptosomal oxygen consumption were examined
using a Clark-type oxygen electrode (as described in Section 2.10). The toxins of
interest (rotenone ( 0 - 1 0 [iM), myxothiazol (0 - 1 |J.M), antimycin A (0 - 500 nM) and
KCN ( 0 - 1 mM)) were added to synaptosomes (1 mg/ml) in warm Krebs buffer in the
oxygen electrode chamber, giving a final volume o f 3 ml. The rates o f synaptosomal
oxygen consumption were recorded for 6 - 7 min at 37 °C on a dual-pen Kipp & Zonen
BDl 11 Chart Recorder that was set to 0 to 10 mV full-scale deflection and a speed of
10 mm/min. The rates o f oxygen consumption per min were calculated from the trace.

In the synaptosomal samples, the oxygen electrode measures oxygen consumption rates
by all components in synaptosomes that consume oxygen. Therefore, this is termed
synaptosomal oxygen consumption. In untreated synaptosomes, oxygen consumption
will be carried out by mitochondrial components such as complex IV in the respiratory
chain, monoamine oxidases and cytochrome P450 oxidases and by components in other
parts o f the cell, such as oxygenases (e.g. heme oxygenase). However, the major
consumer o f oxygen is the respiratory

chain.

In synaptosomes treated with

mitochondrial toxins, such as rotenone, myxothiazol, antimycin A and KCN, the
changes in oxygen consumption will be as a result o f changes in mitochondrial oxygen
consumption by the respiratory chain (mitochondrial respiration) because these
inhibitors block components o f the respiratory chain and therefore, these results were
used to examine oxygen consumption by the respiratory chain components in this study.

3.2.2 Measurement of respiratory chain complex activities

Following analysis o f synaptosomal oxygen consumption, the synaptosomal samples
were freeze-fractured three times using liquid nitrogen and were frozen at - 80 °C. The
samples were assayed for the appropriate complex activity within three weeks of
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storage. The rotenone-treated synaptosomal samples were examined for complex I
activity (see Section 2.11.1). The myxothiazol- and antimycin A-treated samples were
examined for complex II/III activity (see Section 2.11.3). The KCN-treated samples
were analysed for complex IV activity (see Section 2.11.5).

3.2.3 Determination of flux control coefficients

Flux control coefficients provide information on the control that the respiratory chain
complexes possess over the entire flux o f synaptosomal oxygen consumption. The flux
control coefficients for complex I, complex II/III and complex IV were determined by
using the results from titrations of synaptosomal oxygen consumption and complex
activity with the appropriate inhibitors at low concentrations o f the inhibitors according
to Equation 3.1.

C = [(JJ02/<i(inhibitor)]/[i/Vc/<i(inhibitor)]

Equation 3.1: The equation used to calculate the flux control coefficients

For oxygen consumption in synaptosomes, where C is the flux control coefficient o f the
complex o f interest, <iVc/(i(inhibitor) is the rate o f change o f complex activity and
<iJ02/<i(inhibitor) is the rate o f change o f synaptosomal oxygen consumption (entire
flux) at low concentrations o f the inhibitor. Values o f R > 0.9 were required for the
linear regression of the initial rates of oxygen consumption and complex activities.

3.2.4 Determination of inhibition threshold levels

In order to determine the inhibition threshold levels, the percentage inhibition of
complex activity (titrated with the appropriate inhibitor) was plotted against the
percentage synaptosomal oxygen consumption (titrated with the appropriate inhibitor).
Inhibition thresholds were investigated by fitting curves to the plots by hand and
approximate thresholds were determined by extrapolating a straight line through the
initial points and another line through the rapidly decreasing values (see Figures. 3.3 &
3.5 for examples).
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3.3 Results

3.3.1 Metabolic control analysis of complex I in synaptosomes

The flux control coefficient and inhibition threshold were determined for complex I in
rat brain synaptosomes. Rotenone decreased the rate o f synaptosomal oxygen
consumption and complex I activity in a concentration dependent manner (Figure 3.2).
Complex I activity decreased linearly to - 90% over the rotenone concentration range of
0 - 1 nM, however, oxygen consumption remained at between ~ 97 and 100%. Both
rates decreased rapidly as the concentration of rotenone increased above 1 nM, with the
rate synaptosomal oxygen consumption falling more quickly than that of complex I
activity. The flux control coefficient was calculated using Equation 3.1. The rate of
synaptosomal oxygen consumption, at lower concentrations o f rotenone, was divided by
the rate of complex I activity, at lower concentrations o f the inhibitor (see inset graph of
Figure 3.2). The slope o f the lower concentrations o f synaptosomal oxygen
consumption was 3.35 ± 0.59 and the slope o f the lower concentrations o f complex I
activity was 11.03 ± 1.50, giving the flux control coefficient for complex I as 0.30 ±
0.07 (Table 3.1).

The threshold level o f complex I inhibition was determined from a curve created by
expressing the rate of synaptosomal oxygen consumption as a function o f the level of
inhibition o f complex I activity (Figure 3.3). The approximate complex I inhibition
threshold was found to be ~ 10%, beyond which the rate o f oxygen consumption
decreased rapidly.
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Figure 3.2: Rotenone titration of synaptosomal oxygen consumption (JO 2 ) and
complex I activity

Rat brain synaptosomes (1 mg/ml) were incubated with increasing concentrations o f
rotenone ( 0 - 1 0 [aM) in Krebs buffer (pH 7.4) in the cham ber o f a Clark-type oxygen
electrode at 37 °C. The rates o f oxygen consum ption (JO i,*) were m easured for 6 - 7
min. Samples were freeze-fractured three tim es and com plex I activity w as determ ined

(o) in a Cary UV spectrophotom eter at 340 nm. JO 2 and com plex I activity were
expressed as percentages o f their control values (3.92 ± 0.12 nmol

0 2 /m in/m g,

38.8 ±

4.19 nm ol/m in/m g, respectively). Experim ents were perform ed on five individual
preparations and results are expressed as mean ± SEM (error bars). At points where no
error bar is shown, the SEM was w ithin the size o f the symbol. Inset: the initial rates o f
JO 2 and com plex I activity, between 0 and 1 nM rotenone. Experiments were perform ed
on five individual preparations and results are expressed as mean ± SEM (error bars). R
= 0.94 for oxygen consum ption and R^ = 0.96 for com plex I activity.
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Figure 3,3: Low inhibition threshold for complex I in rat brain synaptosomes

The oxygen consumption (JO 2 ) results from Figure 3.2 were plotted against inhibition
o f complex I activity (as percentage o f control). Experiments were performed on five
individual preparations and results are expressed as mean ± SEM (error bars). At points
where no error bar is shown, the SEM was within the size o f the symbol. The curve was
fitted by hand.

62

3,3.2 Metabolic control analysis of complex II/III in synaptosomes

Two inhibitors, myxothiazol and antimycin A, were used to investigate the level of
control possessed by complex II/III over synaptosomal oxygen consumption. Increasing
concentrations o f myxothiazol decreased the rate o f synaptosomal oxygen consumption
and the activity o f complex II/III (Figure 3.4). Up to 150 nM myxothiazol,
synaptosomal oxygen consumption rates remained at between - 96 and 100% activity,
compared to complex II/III activity rates, which remained at between ~ 79 and 100%
(Figure 3.4). The slope of the lower concentrations o f synaptosomal oxygen
consumption, up to 150 nM myxothiazol, was 0.027 ± 0.004 and the slope o f the lower
concentrations of complex II/III activity was 0.133 ± 0.005 (see inset graph o f Figure
3.4), giving a flux control coefficient for complex II/III o f 0.20 ± 0.03 (Table 3.1).

The complex II/III inhibition threshold was determined by plotting % oxygen
consumption against % inhibition of complex II/III activity. When myxothiazol was
used to titrate complex II/III activity and synaptosomal oxygen consumption, complex
II/III could be inhibited by - 30%) before a rapid decline was seen in synaptosomal
oxygen consumption rates (Figure 3.5).

Similarly, increasing concentrations of antimycin A reduced the rate o f synaptosomal
oxygen consumption and complex II/III activity. Complex II/III activity decreased
linearly from 100 to ~ 82%> over the antimycin A concentration range o f 0 - 10 nM,
however, oxygen consumption remained at between ~ 96 and 100%) (Figure 3.6). The
slope o f the lower concentrations o f synaptosomal oxygen consumption, up to 10 nM
antimycin A, was 0.35 ± 0.06 and the slope o f the lower concentrations o f complex
II/III activity was 1.63 ± 0.28 (see inset graph o f Figure 3.6), giving a flux control
coefficient for complex II/III o f 0.21 ± 0.05 when antimycin A was used to titrate out
complex III activity (Table 3.1).

As with myxothiazol, the complex II/III inhibition threshold was determined by the
same mechanism. The inhibition threshold for complex II/III, inhibited with antimycin
A, was ~ 20%o.
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F igu re 3.4: M yxoth iazol titration o f syn ap tosom al oxygen con su m p tion (JO 2 ) and
com p lex II/III activity

Rat brain synaptosom es were incubated with a series o f concentrations o f m yxothiazol
(0 - 1 ^xM) in the cham ber o f a Clark-type oxygen electrode in Krebs buffer at 37 °C.
The rate o f oxygen consum ption (J02,*) was m easured for 6 - 7 min. Samples were
freeze-fractured three tim es and com plex II/III activity (o) was determ ined in a Cary
UV spectrophotom eter at 550 nm. JO 2 and com plex II/III activity were expressed as
percentages o f their control values (3.92 ± 0.12 nmol ±
nm ol/m in/m g,

respectively).

Experim ents

were

0 2 /m in/m g,

perform ed

on

five

43.2 ± 5.2
individual

preparations and results are expressed as mean ± SEM (error bars). At points where no
error bar is shown, the SEM was within the size o f the symbol. Inset: the initial rates o f
JO 2 and com plex II/III activity, between 0 and 150 nM myxothiazol. Experim ents were
perform ed on five individual preparations and results are expressed as mean ± SEM
(error bars).

= 0.95 for oxygen consum ption and R^ = 0.995 for com plex II/III

activity.
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Figure 3.5: Complex II/III inhibition threshold in rat brain synaptosomes using
myxothiazol to inhibit complex III

The oxygen consum ption (JO 2) results from Figure 3.4 were plotted against inhibition
o f com plex II/III activity (as percentage o f control). Experim ents were perform ed on at
least five individual preparations and results are expressed as mean ± SEM (error bars).
At points where no error bar is shown, the SEM was within the size o f the symbol. The
curve was fitted by hand.
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Figure 3.6: A ntim ycin A titration o f synaptosom al oxygen consum ption (JO 2) and
com plex II/III activity

Rat brain synaptosomes were incubated with a series of concentrations of antimycin A
(0 - 500 nM) in Krebs buffer at 37 °C. The rate of oxygen consumption (JO 2 , •) was
measured for 6 - 7 min. Samples were freeze-fractured and complex II/III activity was
determined (o) in a Cary UV spectrophotometer at 550 nm. JO 2 and complex II/III
activity were expressed as percentages of their control values (3.92 ± 0.12 nmol ±
02

/min/mg, 47.4 ± 9.8 nmol/min/mg, respectively). Experiments were performed on

four individual preparations and results are expressed as mean ± SEM (error bars). At
points where no error bar is shown, the SEM was within the size of the symbol. Inset:
the initial rates of JO 2 and complex II/III activity, between 0 and 10 nM antimycin A.
Experiments were performed on four individual preparations and results are expressed
as mean ± SEM (error bars). R = 0.945 for oxygen consumption and R = 0.945 for
complex II/III activity.
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Figure 3,7: Complex II/III inhibition threshold in rat brain synaptosomes using
antimycin A to inhibit complex III

The oxygen consum ption (JO 2) resuhs from Figure 3.6 were plotted against inhibition
o f com plex II/III activity (as percentage o f control). Experim ents were perform ed on
four individual preparations and results are expressed as mean ± SEM (error bars). At
points w here no error bar is shown, the SEM w as w ithin the size o f the symbol. The
curve was fitted by hand.
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3.3.3 Metabolic control analysis of complex IV in synaptosomes

Titration o f synaptosomal oxygen consumption and complex IV activity with increasing
concentrations o f KCN is shown in Figure 3.8. As the KCN concentration increased
from 0 to 1 [xM KCN, synaptosomal oxygen consumption decreased from 100 to ~
96%, whereas complex IV activity was reduced from 100 to ~ 56% (Figure 3.8).
Equation 3.1 was utilised to determine the flux control coefficient o f complex IV. The
slope of the lower concentrations o f synaptosomal oxygen consumption, up to 1 piM
KCN, was 3.71 ± 0.18 and the slope o f the lower concentrations o f complex IV activity
was 45.0 ± 9.98 (see inset graph o f Figure 3.4), giving a flux control coefficient for
complex IV o f 0.08 ± 0.02 (Table 3.1).

Using the same sets o f results, the complex IV inhibition threshold was determined by
plotting % oxygen consumption against % complex IV activity. Two thresholds were
determined for complex IV. One threshold was determined by fitting a freehand curve
to the points. In addition, dotted lines were fitted to the initial points in the graph and to
the rapidly decreasing points in the graph. The point at which the two dotted lines
overlapped was taken as the approximate threshold. From the freehand curve, complex
IV was inhibited by - 50%, beyond which, the synaptosomal oxygen consumption rate
decreased quickly (Figure 3.9). However, from the extrapolation o f the dotted lines, the
approximate threshold for complex IV was found to be ~ 65%. Therefore, the complex
IV threshold (50 - 65%) was a more gradual threshold than the thresholds determined
for complex I and complex II/III in this report.
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Figure 3.8: KCN titration o f synaptosom al oxygen consum ption (JO 2) and com plex
IV activity

Rat brain synaptosomes were incubated with a series of concentrations of KCN (0 - 1
mM) in the chamber of a Clark-type oxygen electrode in Krebs buffer at 37 °C. The rate
of oxygen consumption (J02,») was measured for 6 - 7 min. Samples were freezefractured three times and complex IV activity (o) was determined in a Cary UV
spectrophotometer at 550 nm. JO2 and complex IV activity were expressed as
percentages of their control values (3.92 ±0.12 nmol

0 2 /min/mg,

9.01 ± 0.31 k/min/mg,

respectively). Experiments were performed on five individual preparations and results
are expressed as mean ± SEM (error bars). At points where no error bar is shown, the
SEM was within the size of the symbol. Inset: the initial rates of JO 2 and complex IV
activity, between 0 and 1 |iM KCN. Experiments were performed on five individual
preparations and results are expressed as mean ± SEM (error bars). R = 0.995 for
oxygen consumption and R2 =0.91 for complex IV activity.
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Figure 3.9: Complex IV inhibition threshold in rat brain synaptosomes

The oxygen consum ption (JO 2) results from Figure 3.8 w ere plotted against inhibition
o f com plex IV activity (as percentage o f control). Experim ents were perform ed on five
individual preparations and results are expressed as m ean ± SEM (error bars). A t points
where no error bar is shown, the SEM was w ithin the size o f the symbol. The curve was
fitted by hand.
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Flux control coefficient

Inhibition threshold

Complex I

0.30 ± 0 .0 7

~ 10%

Complex II/III (M yxothiazol)

0.20 ± 0.03

~ 30%

Complex II/III (A ntim ycin A)

0.21 ± 0 .0 5

~ 20%

Complex IV

0.08 ± 0.02

50 - 65%

Respiratory chain com plex

Table 3.1. Flux control coefficients and inhibition thresholds for com plex I,
com plex II/III and com plex IV in rat brain synaptosom es

Flux control coefficients and inhibition thresholds were determ ined using the results
shown in Figures 3.2, 3.4, 3.6 and 3.8, as explained in “Experimental Procedures” .
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3.4 Discussion

As discussed in Chapter 1, many parameters can affect the spread o f control among the
components of oxidative phosphorylation. Examples o f such parameters are ageing,
differing experimental conditions, tissue variation and alterations in the energy state of
the mitochondria (Rossignol et al. 2000, Piccoli et al. 2006, Rossignol et al. 1999,
Villani & Attardi 2000, Joyce et al. 2003, Ventura et al. 2002). In order to investigate
the possibility that specific electron transport chain complex deficiencies might cause
greater mitochondrial problems in neurodegenerative disorders, we used MCA to
determine firstly, the control possessed by the complexes o f interest over synaptosomal
oxygen consumption (flux control coefficients) and secondly, the levels o f inhibition of
complex activity that could be tolerated before deleterious effects were seen on oxygen
consumption (inhibition thresholds). The higher the flux control coefficient for a
particular step in a system, the more control that is possessed by that step.

Previous MCA studies performed on neuronal tissue experimented on isolated
mitochondria, which were provided with substrates, such as glutamate and malate or
succinate, and the flux control coefficients and threshold levels were determined with
the mitochondria in state 3. This is different to the in situ situation, which involves the
generation o f endogenous substrates by the mitochondria from glucose, through the
processes of glycolysis and the citric acid cycle, which fuel oxidative phosphorylation,
as occurs in synaptosomes. Synaptosomes contain in situ active mitochondria, which
normally respire at a rate between state 3 and state 4, with the initial rate being closer to
state 4 (Scott & Nicholls 1980). Therefore, in this study, we chose to experiment on
synaptosomes,

which

should provide

a better working

model,

than

isolated

mitochondria in which to examine the pattern o f control o f electron transport chain
complexes in neuronal tissue.

The results in this study demonstrate that complex I was the major controlling step of
the electron transport chain complexes in in situ mitochondria. The flux control
coefficient value for complex I (0.30) was higher than those for complex II/III (0.20,
when titrated with myxothiazol and 0.21, when titrated with antimycin A) and complex
IV (0.08). The complex I inhibition threshold level (~ 10%) was also lower than those
for complex II/III (20 - 30%) and complex IV (50 - 65%). Impaired activity o f the
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respiratory chain complexes (above the threshold levels) may cause cellular dysfunction
by reducing oxygen consumption. Decreased activity o f respiratory complexes has been
reported in numerous neurodegenerative disorders, such as AD, PD and HD (Kish et al.
1992, Browne et al. 1997, Schapira et al. 1990, Parker et al. 2007, Maurer et al. 2000).
Therefore, control and inhibition threshold information can help investigate the impact
o f the respiratory chain deficiencies on neuronal function. The lower inhibition
threshold for complex I implies that complex I defects may have the greatest ability, of
the complexes examined, to induce an overall deleterious effect. Complex I activity has
been reported to be reduced by 30 - 40% in PD (Schapira et al. 1990); the results shown
here suggest that 30 - 40% inhibition could compromise synaptosomal oxygen
consumption in neuronal cells, because above ~ 10% complex I inhibition, the rate of
synaptosomal oxygen consumption in synaptosomes decreased rapidly.

MCA studies performed on isolated brain mitochondria reported a much lower complex
I inhibition threshold

for

synaptic

mitochondria

(-

25%)

than

non-synaptic

mitochondria (~ 72%) (Davey & Clark 1996, Davey et al. 1998). In the present study,
complex I in the synaptosomal mitochondria could be inhibited by - 10% before there
was a decrease in oxygen consumption, which is more in accordance with the level
calculated for synaptic mitochondria. This would be as expected, because the same
sample o f mitochondria exists in the isolated synaptic mitochondria preparations as in
the synaptosomal preparations. A previous study showed complex I activity to be 36%
lower in synaptic mitochondria than in non-synaptic mitochondria (Almeida et al.
1995), which may somewhat explain the lower thresholds obtained in synaptic and
synaptosomal mitochondria when compared to non-synaptic mitochondria. Similarly, a
recent study found that complex I activity in brain synaptic mitochondria from
C57BL/6J mice was 45% lower than that in non-synaptic mitochondria (Kiebish et al.
2008). Above ~ 20% complex I inhibition, Aipm decreases significantly in resting rat
brain synaptosomes and, above ~ 40% complex I inhibition, glutamate release increases
and ATP levels are reduced in depolarised rat brain synaptosomes (Kilbride et al.
2008). Furthermore, ~ 16 % inhibition o f complex I has been reported to result in
increased production o f ROS in guinea pig synaptosomes (Sipos et al. 2003a). Thus,
adequate complex I activity appears to be crucial for normal mitochondrial function.
Those results, examined along with the results from this study, imply that complex I
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inhibition above ~ 10% could initially cause decreased oxygen consumption, with
greater irihibition leading to downstream effects such as Aipm depolarisation, increased
glutamate release, decreased ATP levels and increased levels o f ROS, possibly leading
to cell death. Therefore, it is possible that this sequence o f events may occur in PD as a
result o f the 30 - 40% decrease in complex I activity that is associated with the disease.

Synaptosomal complex II/III can be inhibited by 20 - 30% before a deleterious effect is
observed on synaptosomal oxygen consumption rates. This result is much lower than
those reported for complex III in non-synaptic mitochondria (~ 70%), synaptic
mitochondria ( - 80%) and crude mitochondrial pellet samples ( - 91%) (Davey & Clark
1996, Davey et al. 1998, Rossignol et al. 1999). The resuhs obtained here are more
similar to the complex III threshold of ~ 40% found in rat liver mitochondria (Taylor et
al. 1994). The disparity between the results obtained in this study and those in the
earlier neuronal studies may be partly explained by the fact that complexes II and III
were examined together in the present study but only complex III was looked at in the
earlier studies. Complex III exerts a low level o f control over the electron flux through
complex II/III, as evidence by the observations that complex III can be inhibited by 30 50%) before an effect is seen on complex II/III activity (Taylor et al. 1994). This may
partly account for the lower complex II/III threshold determined in in situ mitochondria
when compared to complex III alone because the concurrent inhibition of complex II
with complex III inhibition may increase the occurrence o f reduced oxygen
consumption.

The complex IV inhibition threshold in in situ mitochondria was found to be in the
range o f 50 - 65%. The complex IV threshold level was determined to be ~ 70%> in
synaptic mitochondria (Davey et al. 1998) and ~ 60%) in non-synaptic mitochondria
(Davey & Clark 1996), implying that complex IV possesses a similar level o f control o f
oxygen consumption rates in in situ mitochondria as in isolated mitochondria. In vivo
MCA studies, performed on HepG2 cells, showed that complex IV had a lower
threshold (~ 49%>) in the absence o f oligomycin (state 3 respiration), compared with a
threshold o f - 75%o in the presence o f oligomycin (state 4 respiration) (Piccoli et al.
2006). As discussed earlier, synaptosomes respire at a rate between state 3 and state 4,
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initially closer to state 4. Therefore this situation is more com parable to the cells in the
presence o f oligomycin.

In accordance w ith the results reported here, com plex I possessed the highest level o f
control o f the electron transport chain com plexes in rat brain crude m itochondrial pellet
samples (Rossignol et al. 2000) and rat brain isolated synaptic m itochondria (Davey et
al. 1998). The flux control coefficients for com plex II/III (0.20 w ith m yxothiazol and
0.21 with antim ycin A) in synaptosom al m itochondria are more in line w ith that for
com plex III from synaptic m itochondria (0.20) rather than that from non-synaptic
m itochondria (0.15). The flux control coefficient for com plex IV in synaptosom es was
0.08, im plying that the level o f control possessed by com plex IV in in situ m itochondria
is lower than that possessed by com plex IV in both synaptic and non-synaptic
m itochondria, w hich have flux control coefficients o f 0.13 and 0.24, respectively.

Complex II/III was titrated with two different inhibitors, giving sim ilar flux control
coefficient values, as would be expected because both inhibitors block the activity o f
com plex III, even though they do so by alternative routes. However, an apparent lower
threshold for com plex II/III was found when antim ycin A (~ 20%) was used to inhibit
complex III than when myxothiazol (~ 30%) was used. This may be related to the
different sites o f action o f these two inhibitors. A ntim ycin A inhibits at a later point o f
the Q cycle in com plex III does than myxothiazol. A ntim ycin A is a potent inducer o f
ROS (Boveris & Chance 1973, Turrens 1997, Lam bert & Brand 2004). Therefore,
antimycin A m ight be expected to be able to generate higher levels o f ROS than
m yxothiazol, which may cause dam aging effects to the com plex II/III threshold.

According to the theory o f M CA, the sum total o f the flux control coefficients o f the
processes involved in oxidative phosphorylation is equal to 1. Aside from the
respiratory

chain com plexes, other processes that exert control over oxidative

phosphorylation are proton leak, phosphate carrier, pyruvate carrier, A TP synthase,
adenine nucleotide carrier, glycolysis and the citric acid cycle. It is suggested from our
results that the electron transport chain com plexes exert a high level o f control over
oxidative phosphorylation, considering that the flux control coefficients for the electron
transport chain com ponents account for 0.58 (when determ ined with m yxothiazol)/0.59
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(when determined with antimycin A) o f the total value. MCA studies were carried out
on rat brain synaptosomes to determine the level of control exerted by substrate
oxidation (respiratory chain, glycolysis, citric acid cycle), proton leak and the
phosphorylating system over oxidative phosphorylation in young (3 months old) and
old (24 months old) rats (Joyce et al. 2003). That study reported the flux control
coefficient for the whole process o f substrate oxidation to be 0.72 in young rats,
implying that substrate oxidation has a high level o f control over oxidative
phosphorylation when compared to proton leak and the phosphorylating system. The
synaptosomes in that study were examined while in their maximal phosphorylating state
(state 3), by the addition of veratridine, unlike in our study where the synaptosomes
were respiring physiologically on glucose. This makes it difficult to compare the two
sets o f results directly.

To conclude, it is evident from the flux control coefficient results obtained here that
complex I exerts the greatest level o f control o f the respiratory chain complexes over
synaptosomal oxygen consumption in in situ mitochondria. Lower inhibition thresholds
for complex I, complex II/III and complex IV in in situ mitochondria than in isolated
mitochondria imply that lower levels o f damage to the complexes may be expected to
have deleterious effects on oxygen consumption in in situ mitochondria. The flux
control coefficients for the electron transport chain complexes in synaptosomes show a
similar pattern o f control over the process o f oxygen consumption when compared with
that in isolated synaptic mitochondria, with the exception o f complex IV, which had a
flux control coefficient o f 0.08 in synaptosomes compared to 0.13 in isolated synaptic
mitochondria (Davey et al. 1998).
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Chapter 4

The effects of decylubiquinone on metabolic control analysis in rat
brain synaptosomes
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4.1 Introduction

4.1.1 Ubiquinone

Ubiquinone

(2,3-dimethyl-5-methyl-6-polyprenyl-l,4-benzoquinone)

may

have

beneficial effects in the prevention o f neurodegenerative disorders and extensive
research is being undertaken at present to investigate this possibility. It is difficult to
utilise ubiquinone in in vitro experiments as it is a very hydrophobic molecule due to its
/ram-isoprenoid side chain. In order to overcome this problem, while still harnessing
the beneficial effects o f ubiquinone, other approaches have been investigated. MitoQ, a
mitochondrially targetted ubiquinone analogue, has proved to have anti-apoptotic and
antioxdant abilities (Kelso et al. 2001). MitoQ becomes accumulated into the
mitochondrial inner membrane because it contains a triphenylphosphonium cation
(TPP) moiety. Other investigations have focussed on the beneficial effects o f
synthesised ubiquinone analogues, which contain lower numbers o f carbons in their side
chains than ubiquinone and, as such, are less hydrophobic and can pass into the
mitochondria unassisted. Examples o f such analogues are: coenzyme Qi (2,3dimethoxy-5-methyl-6-(3-methyl-2-butenyl)-l,4-benzoquinone), coenzyme Q 2 (2,3dimethoxy-5-methyl-6-geranyl-l,4-benzoquinone), coenzyme
methy l-6 -(geranylgerany 1)-1,4-benzoquinone),

Q4 (2,3-dimethoxy-5-

decylubiquinone

(2,3-dimethoxy-5-

methyl-6-decyl-l,4-benzoquinone), idebenone ( 6 -( 10-hydroxydecyl)-2,3-dimethoxy-5methyl-l,4-benzoquinone),

menadione

(2-methylnaphthalene-l,4-dione)

and

duroquinone (2,3,5,6-tetramethyl-l,4-benzoquinone).

4.1.2 Decylubiquinone

Decylubiquinone is one o f a number o f analogues o f ubiquinone that is being
investigated in biomedical research as a possible therapeutic agent. Decylubiquinone is
an exogenous hydrophobic quinone that has

10

carbon chains and a methyl group at the

end (see Figure 4.1) and can travel into mitochondrial membranes unaided (Lenaz
1997). Decylubiquinone may be more suitable than MitoQ and other ubiquinone
analogues as a neuroprotectant for the following reasons. MitoQ cannot dock properly
with complex III because its TPP moiety sterically hinders access to the active sites in
complex 111. Therefore, MitoQ mainly imposes its beneficial actions as an antioxidant,
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whereas other short-chain ubiquinones may act as antioxidants and as substrates for
oxidative phosphorylation providing them w ith increased potential for advantageous
effects (James et al. 2005). M itoQ does not restore respiration in m itochondria that are
lacking ubiquinone, whereas decylubiquinone, coenzym e Qi, coenzym e Q 2 and
coenzyme Qe possess this ability (James et al. 2005). D ecylubiquinone, unlike M itoQ,
is an effective substrate for com plex 1, com plex II and glycerol-3-phosphate
dehydrogenase (James et al. 2005). Degli Esposti et al (1996) suggested that
decylubiquinone could be used favourably to coenzym e Qi in biom edical research
because the interaction o f decylubiquinone w ith com plex 1 is m ore sim ilar to those
between endogenous ubiquinone and com plex I than between coenzym e Qi and
com plex I. The order o f substrate binding and product release from com plex 1 is
different for coenzym e Qi than for coenzym e Q 2 and decylubiquinone (Hano et al.
2003). Studies on the effect o f coenzym e Q 2 and decylubiquinone on the steady state
kinetics o f com plex I in bovine heart m itochondria showed that the binding o f
coenzyme Q 2 and decylubiquinone induced a conform ational change in the binding site,
which allows the binding o f a quinone with a long isoprenoid side chain (Hano et al.
2003) but the side chain o f coenzym e Qi is too small to induce this change (Hano et al.
2003). Decylubiquinone is m ore hydrophobic and a better electron acceptor than
idebenone.

In

fibroblast cell

cultures

concentrations o f decylubiquinone
than idebenone

(E C 5 0

(E C 5 0

from

Friedrich’s A taxia patients,

lower

27 nM ) were required to prevent cell death

426 nM ) (Jauslin et al. 2003). Both m enadione and duroquinone

are much less hydrophobic than decylubiquinone and thus may not travel to
m itochondria as readily as decylubiquinone.

4.1.3 Orientation of ubiquinone and decylubiquinone in the mitochondrial
inner membrane

The observation that ubiquinone is found in excess in m itochondria (in molar
concentrations) lead to the concept o f the ubiquinone pool function in the mitochondrial
inner m em brane (K roger & K lingenberg 1973). U biquinone exists in different redox
states in the m itochondrial inner m em brane, including in its oxidised bound form with
com plex I and com plex II, in its reduced and sem i-reduced form (ubisem iquinone) with
com plex III and freely available in the ubiquinone pool (Figure 4.2). However, the exact
location o f ubiquinone in the bilayer is still unclear at present.
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o
F igu re 4.1: C h em ical stru ctu re o f decylu b iq u in on e

Illustration showing the chemical structure o f decylubiquinone. Decylubiquinone
consists o f a quinone head group and a 10-carbon side chain, which has a methly group
at the end o f the side chain. Picture obtained from Tormo et al (2000).
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F igu re 4.2: T he redox form s o f u b iq u in on e

Ubiquinone exists in three main redox states: ubiquinone (CoQ, UQ, oxidised form),
semiquinone radical (C oQ H ‘, ubisem iquinone, partly reduced form) and ubiquinol
(C 0 QH 2 , U QH 2 , fully reduced form). Picture adapted from:
<http://lpi.oregonstate.edu/infocenter/othem uts/coqlO coqstructure.htm l> (10/10/08).
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A number of models of the orientation o f ubiquinone in phospholipid bilayers have
been proposed. One model suggests that the isoprenoid tail and the quinone head group
of ubiquinone are embedded in the hydrophobic section o f the membrane, lying in the
midplane o f the bilayer (see Figure 4.3(a)) (Ulrich et al 1985, Kingsley & Feigenson
1981, Michaelis & Moore 1985). Another model proposes that ubiquinone is situated in
the midplane o f the phospholipid bilayer with its quinone ring located near the polar
head groups o f the phospholipids and its hydrophobic tail mainly located in the bilayer
midplane (see Figure 4.3(b)) (Lenaz 1988, Rajarathnam et al. 1989, Gordillo &
Schiffrin 2000, Fato et al. 1986, Stidham et al. 1984, Aranda & Gomez-Femandez
1982, Lenaz et al. 1992).

Additionally, it has been suggested that ubiquinone may form aggregates with other
ubiquinones in the hydrocarbon core o f the bilayers, with their quinone rings orientating
towards the polar heads (Gomez-Femandez et al. 1999, Comell et al. 1987). More
recently, work by Ausili et al (2008) supports the formation o f head to head aggregates
by ubiquinone in the membrane (see Figure 4.3(c)). In addition, it is thought that
ubiquinol lies in an altemative position to ubiquinone. Because o f its higher level of
polarity, it will have a higher tendency towards the polar head groups o f the
phospholipids (Ausili et al. 2008). Ubiquinol may span the membrane interacting with
phospholipid acyl chains.

Similar to ubiquinone, decylubiquinone is found in free and bound forms in the
mitochondria. Decylubiquinone is a smaller less hydrophobic molecule than ubiquinone
and because o f this, its partitioning and diffusion to the membranes will be altered when
compared to ubiquinone (Geromel et al. 2002). As with ubiquinone, it is not clear as of
yet where decylubiquinone is localised or how it is orientated in the mitochondrial inner
membrane. There have been suggestions that shorter-chain ubiquinone analogues lie
parallel to the phospholipids in the membrane bilayer with the quinone ring situated
near the polar head groups (see Figure 4.4(a)) (Katsikas & Quinn 1983, Rajarathnam et
al. 1989). Decylubiquinone is not as large as endogenous ubiquinone and more closely
matches the shorter-chained ubiquinone analogues.
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Figure 4.3: Proposed models of the organisation of ubiquinone in the
mitochondrial inner membrane

Ubiquinone may lie in m em brane bilayers in alternative positions. It may lie (a) in the
midplane o f the bilayer with the quinone ring also in the midplane or (b) w ith the
quinone ring orienting towards the polar head groups o f the phospholipids, (c) In
addition, ubiquinone may form aggregates w ith other ubiquinone m olecules, lying as in
illustration (b). Illustration (b) was adapted from Gordillo & Schiffrin (2000). Picture
(c) taken from G om ez-Fem andez et al (1999).
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Q C13-tG7, the deuteriated short chain ubiquinone analogue, has a sim ilar structure to
decylubiquinone (decylubiquinone has one less carbon in its side chain) and it
intercalated into the phospholipid bilyer (Cornell et al. 1987). It is thought that
coenzym e Q 2 lies close to the phospholipid bilayer but does not penetrate the membrane
whereas coenzym e Q 4 lies perpendicular to the m em brane w ith its tail penetrating the
m em brane (Skowronek et al. 1996). The length o f the side chain o f decylubiquinone is
longer than the isoprenoid chain o f coenzym e Q 2 but shorter than that o f coenzym e Q4.
Therefore, it seems that there are a num ber o f possible orientations o f decylubiquinone
in the m itochondrial inner m em brane, two o f w hich are shown in Figure 4.4(a) and (b).

In addition to their position in the ubiquinone pool, ubiquinone and decylubiquinone, in
varying states, bind to com plexes I, II and III. A clear picture o f ubiquinone binding
sites in the respiratory chain com plexes is unavailable at present, how ever some
inform ation on the subject has been provided. It is thought that there are several
quinone binding sites on com plex I (A m am eh & Vik 2003, Benit et al. 2008). Sasanov
& H inchliff (2006) propose that the ubiquinone binding site on complex I is between
N q 0 4 and H I subunits. In com plex III, ubiquinol binds and is oxidised at the Qp site, on
the cytoplasm ic side o f com plex III and ubiquinone binds and is reduced at the Qn site,
on the m atrix side o f com plex III. Three m olecules o f decylubiquinone bind to complex
III (Bartoschek et al. 2001). One binds at the Q„ site and is displaced by antim ycin A
and two bind at the Qp site and are displaced by myxothiazol and stigm atellin
(Bartoschek et al. 2001).

4.1.4 Decylubiquinone and neurodegeneration

D ecylubiquinone prevented cell death induced by GSH depletion in cultures o f human
fibroblasts from Friedrich A taxia patients (Jauslin et al. 2003). D ecylubiquinone had
advantageous consequences such as reduced hypertension and low er cholesterol levels
in stroke-prone spontaneously hypertensive (SHRSP) rats by acting as a hypertensive,
hypolipidem ic and antioxidant agent (M urad et al. 2007). D ecylubiquinone partially
restored the glutam ate transport im pairm ent occuring in transm itochondrial Leber’s
H ereditary Optic N europathy (LHON) cybrid cells (Sala et al. 2008). LHON is a
m itochondrial cytopathy, which occurs as a result o f m utations in genes that encode for
N D l, N D4 and N D 6 subunits o f com plex I.
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Figure 4,4: Two proposed models of the organisation of decylubiquinone in the
mitochondrial inner membrane

(a) D ecylubiquinone may lie parallel to phospholipids in the m em brane with the
quinone head orienting towards the polar head groups o f the phospholipids or (b) the
quinone head o f decylubiquinone may lie in the hydrophilic matrix with the side chain
inserted into the m em brane, oriented parallel to the phospholipid acyl chains.
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Decylubiquinone and other short-chain ubiquinone analogues are freely soluble in the
hydrophobic cores o f phospholipid bilayers, such as the mitochondrial inner membrane.
Decylubiquinone can dock with complex III and get oxidised, unlike MitoQ, which is
sterically hindered by its TPP moiety. Decylubiquinone acts as a good electron acceptor
o f electrons from complex I and II and as such, it could be expected that
decylubiquinone could have the ability to enhance electron transfer in the respiratory
chain.

Respiratory

chain

deficiencies

feature

in the

pathogenesis

o f a number of

neurodegenerative disorders such as PD, AD and HD. Therefore, it is postulated that
ubiquinone and ubiquinone analogues may have the ability to increase the flow of
electrons through the respiratory chain, which could relieve the negative effects of
electron transport chain deficiencies. Before decylubiquinone can be considered as a
therapeutic agent, its effects on cellular and mitochondrial function need to be clearly
elucidated. Adequate oxygen consumption and electron tranport chain complex
activities are crucial in maintaining overall mitochondrial function. Therefore, the
effects of decylubiquinone on synaptosomal oxygen consumption and complex
activities in rat brain synaptosomes were examined in this report.

As discussed in Chapter 1 and Chapter 3 o f this report, MCA is useful for examining
the spread o f control in a system. The results in Chapter 3 demonstrate that complex I
possesses the highest level o f control o f the respiratory chain complexes in rat brain
synaptosomes. The threshold for complex I was found to be low, at - 10%. It is
postulated that certain chemicals or drugs, such as decylubiquinone, may have the
ability to alter the control possessed by the respiratory chain complexes or their
inhibition thresholds, which could attenuate overall mitochondrial function and possibly
overall cellular function.
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4.1.5 Aims of the chapter

1) To investigate the effects o f decylubiquinone on synaptosomal oxygen consumption
and respiratory chain complex activities in rat brain synaptosomes.

2) To analyse the ability of decylubiquinone to attenuate decreases in synaptosomal
oxygen consumption rates and electron transport chain complex activities, following the
addition of rotenone and myxothiazol.

3) To examine the effects o f decylubiquinone on MCA o f the respiratory chain
complexes in rat brain synaptosomes.
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4.2 Methods

4.2.1 Examination of synaptosomal oxygen consumption rates

Rat brain synaptosomes were prepared as described in Section 2.8 and the protein
concentration was determined using the Bradford assay (see Section 2.9). The rates o f
synaptosomal oxygen consumption (JO 2) were monitored using a Clark-type oxygen
electrode (as described in Section 2.10). Decylubiquinone (0 - 100 )j,M) was added to
synaptosomes (1 mg/ml) in Krebs buffer in the oxygen electrode chamber at 37 °C
giving a final volume o f 3 ml. The rate o f oxygen consumption was followed for 5 - 6
min. The results were recorded on a dual-pen Kipp & Zonen B D l l l Chart Recorder
that was set to 0 to 10 mV full-scale deflection and at a speed o f 10 mm/min. In
addition, the effects o f 50 |o,M decylubiquinone on rotenone and myxothiazol titrations
of

synaptosomal

oxygen

consumption

were

examined.

Ethanol

or

50

)j.M

decylubiquinone were added to Krebs buffer in the oxygen electrode chamber. Then the
toxin o f interest w'as added, followed by synaptosomes (1 mg/ml). The rate o f oxygen
consumption was monitored as described above.

4.2.2 Measurement of respiratory chain complex activities

Following analysis o f synaptosomal oxygen consumption, the synaptosomal samples
were freeze-fractured three times using liquid nitrogen and were stored at - 80 °C. The
samples were assayed for the appropriate complex activities within three weeks of
storage. The samples that had been treated with a series o f concentrations of
decylubiquinone were examined for complex 1 activity (see Section 2.11.1), complex
I/IIl activity (see Section 2.11.2), complex II/III activity (see Section 2.11.3), complex
III activity (see Section 2.11.4) and complex IV activity (see Section 2.11.5) activities.
The rotenone-treated samples were examined for complex I and complex I/III activities
and the myxothiazol-treated samples were assayed for complex I/III, complex II/III and
complex III activities.
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4.2,3 Measurement of synaptosomal integrity

The effects o f decylubiquinone on synaptosomal integrity were exam ined using the
lactate dehydrogenase (LDH) assay. Synaptosomes were incubated in the absence and
presence o f decylubiquinone (50 |^M) in plastic tubes in a w ater bath at 37 °C. At
specific time points (0, 30, 60, 90 and 120 min), samples were extracted from the tubes
and were assayed on the oxygen electrode for 5 min. Following exam ination on the
oxygen electrode, the synaptosomal samples were spun down in a bench-top Eppendorf
Centrifuge 5415R at 16,100 g at 4 °C for 5 min. The supernatant was rem oved and
stored at - 80 °C. The LDH assay was perform ed on the supernatant sam ples in a Cary
UV spectrophotom eter as described in Section 2.12, w ithin three weeks o f storage.

4.2.4 Determination of flux control coefficients

In this study, flux control coefficients were determined to gain inform ation on the
control possessed by the respiratory chain com plexes over synaptosom al oxygen
consumption, in the absence and presence o f decylubiquinone. The flux control
coefficients for com plex I and com plex I/III, in the absence and presence o f 50 |o.M
decylubiquinone, were determ ined by using the results from titrations o f oxygen
consum ption and com plex activity w ith rotenone, at low concentrations, according to
Equation 3.1 in Section 3.2.3. Similarly, the flux control coefficients for com plex I/III,
com plex II/III and com plex III, in the absence and presence o f 50 [iM decylubiquinone,
were calculated using the results from titrations o f oxygen consum ption and complex
activity with myxothiazol, at low concentrations, according to Equation 3.1.

4.2.5 Determination of inhibition threshold levels

Determ ination o f inhibition threshold levels involved plotting the % inhibition o f the
com plex activity (titrated with the appropriate inhibitor) against the % synaptosomal
oxygen consum ption (titrated with the appropriate inhibitor). Curves were fitted to the
plots by hand and approxim ate thresholds were determined by extrapolating a straight
line through the initial points and another through the rapidly decreasing values (see
Figures 4.19 & 4.21 for examples).
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4.3 Results

4.3.1 Effects of decylubiquinone on synaptosomal oxygen consumption rates

Concentrations o f decylubiquinone, up to 50 )o,M, did not have any affect on
synaptosom al oxygen consum ption rates (Figure 4.5). The control rate o f oxygen
consum ption was 3.63 ± 0 .1 3 nm ol 0 2 /m in/m g and the rate for 50 |j,M decylubiquinone
was 4.04 ± 0 . 1 5 nmol 0 2 /m in/m g. However, 100 txM decylubiquinone significantly
increased the rate o f oxygen consum ption to 5.00 ± 0.36 nmol O j/m in/m g (p < 0.01).

4.3.2 Decylubiquinone titration of respiratory chain complex activities

Figure 4.6 shows that concentrations o f decylubiquinone, up to 50 )j.M, did not alter
com plex I activity. However, a ~ 43% decrease in com plex I activity was obtained
w hen the synaptosom es were treated with 100 )o,M decylubiquinone, with com plex 1
activity falling from 43.98 ± 2.71 nm ol/m in/m g to 25.16 ± 3.36 nmol/m in/m g. The
lower concentrations o f decylubiquinone, up to 10 |j.M, and the highest concentration
used, 100 |iM , appeared to increase com plex I/Ill activity, how ever these increases were
not statistically significant (Figure 4.7). 50 ia,M decylubiquinone increased the activity
o f com plex I/lII activity significantly by - 64% from 51.71 ± 5.71 nm ol/m in/m g in the
control to 85 ± 8.28 nm ol/m in/m g. Complex II/IIl activity was enhanced by the higher
concentrations o f decylubiquinone used (10 (xM and above) (Figure 4.8). Complex 11/111
activity increased from 33.79 ± 6.82 nm ol/m in/m g in the control to 48.93 ± 4.53
nm ol/m in/m g after treatm ent w ith 10 )xM decylubiquinone (p < 0.05). 50 |j.M and 100
|j,M decylubiquinone significantly increased com plex ll/III activity to 60.95 ± 5.73 and
71.69 ± 8.38 nm ol/m in/m g, respectively (p < 0.001). The effect o f 50

|j,M

decylubiquinone correlated to an ~ 80% increase in com plex 11/111 activity. Increasing
concentrations o f decylubiquinone did not alter the activity o f com plex III (Figure 4.9).
The control rate o f com plex III activity was 2.64 ± 0.06 k/m in/m g and the rate o f the
100 )j.M sample was 2.75 ± 0.32 k/m in/m g. Figure 4.10 shows that decylubiquinone did
not significantly alter the com plex IV activity o f the samples w hen com pared to the
control. The rate o f com plex IV activity in the control was 15.76 ± 1.84 k/m in/m g and
the rate in the 100 |j,M decylubiquinone sample was 14.25 ± 1.86 k/m in/m g.
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Figure 4.5: Effect of decylubiquinone on oxygen consumption rates in rat brain
synaptosomes

Synaptosomes (1 mg/ml) were incubated with a series o f concentrations of
decylubiquinone (0 - 100 |i,M) in Krebs buffer in the oxygen electrode chamber at 37
°C for 6 min. Experiments were performed on four individual preparations and results
are expressed as mean ± SEM (error bars). Statistical analysis was performed by one
way ANOVA with post-hoc Bonferroni analysis using Prism. Samples significantly
different to the control are shown with ** for p < 0.01.
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[Decylubiquinone] (fiM)

Figure 4.6: 100 |xM decylubiquinone decreases complex I activity in rat brain
synaptosomes

Synaptosomes (1 mg/ml) were incubated with a series o f concentrations o f
decylubiquinone (0 - 100 fiM) in Krebs buffer in the oxygen electrode chamber at 37
°C for 6 min. The samples were frozen at - 80 °C and freeze fractured three times and
examined for complex I activity in a Cary UV spectrophotometer at 340 nm.
Experiments were performed on at least four individual preparations and results are
expressed as mean ± SEM (error bars). Statistical analysis was performed by one-way
ANOVA with post-hoc Bonferroni analysis using Prism. Samples significantly different
to the control are shown with ** for p < 0.01.
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Figure 4.7: 50 nM decylubiquinone increases com plex I/III activity in rat brain
synaptosom es

Synaptosom es

(1

m g/m l) were

incubated

w ith

a series

o f concentrations

of

decylubiquinone (0 - 100 [xM) in Krebs buffer in the oxygen electrode cham ber at 37
°C for 6 min. The samples were frozen at - 80 ° C and freeze fractured three tim es and
exam ined for com plex I/III activity in a Cary UV spectrophotom eter at 550 nm.
Experim ents were perform ed on at least four individual preparations and results are
expressed as m ean ± SEM (error bars). Statistical analysis was performed by one-w ay
ANOVA w ith post-hoc Bonferroni analysis using Prism. Samples significantly different
to the control are shown with ** for p < 0.01.
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Figure 4.8: Decylubiquinone increases complex II/III activity in rat brain
synaptosomes

Synaptosomes (1 mg/ml) were incubated with a series o f concentrations o f
decylubiquinone (0 - 100 |aM) in Krebs buffer in the oxygen electrode chamber at 37
°C for 6 min. The samples were frozen at - 80 °C and freeze fractured three times before
being examined for complex II/III activity in a Cary UV spectrophotometer at 550 nm.
Experiments were performed on at five individual preparations and results are
expressed as mean ± SEM (error bars). Statistical analysis was performed by one-way
ANOVA with post-hoc Bonferroni analysis using Prism. Samples significantly different
to the control are shown with * for p < 0.05 and *** for p < 0.001.
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Figure 4.9: D ecylubiquinone does not affect com plex III activity in rat brain
synaptosom es

Synaptosomes (1

mg/ml) were incubated with a series o f concentrations of

decylubiquinone (0 - 100 fxM) in Krebs buffer in the oxygen electrode chamber at 37
°C for 6 min. The samples were frozen at - 80 °C and freeze fractured three times and
examined for complex III activity in a Cary UV spectrophotometer at 550 nm.
Experiments were performed on at least four individual preparations and results are
expressed as mean ± SEM (error bars). Statistical analysis was performed by one-way
ANOVA with post-hoc Bonferroni analysis using Prism.
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Figure 4.10: Decylubiquinone does not affect complex IV activity in rat brain
synaptosomes

Synaptosomes (1 mg/ml) were

incubated with a series o f concentrations o f

decylubiquinone (0 - 100 |aM) in Krebs buffer in the oxygen electrode chamber at 37
°C for 6 min. The samples were frozen at - 80 °C and freeze fractured three times and
examined for complex IV activity in a Cary UV spectrophotometer at 550 nm.
Experiments were performed on at least four individual preparations and results are
expressed as mean ± SEM (error bars). Statistical analysis was performed by one-way
ANOVA with post-hoc Bonferroni analysis using Prism.
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4.3.3 Effects of increased incubation duration of decylubiquinone on
synaptosomal oxygen consumption rates, complex I activity and complex I/III
activity

The oxygen electrode experim ents described in the previous section w ere carried out for
6 m in. F urther experim ents w ere carried out in this section to determ ine if increased
incubation periods could affect the synaptosom al oxygen consum ption rates or
respiratory chain activities. Figure 4.11 show s that the rates o f oxygen co n su m p tio n in
the sam ples treated w ith 50 iJ,M decylubiquinone w ere not significantly differen t to the
control at any o f the tim e points. The control rate at tim e 0 w as 3.03 ± 0.350 nm ol
0 2 /m in/m g and that for the 50 |j.M d ecy lu b iquinone-treated sam ple w as 3.59 ± 0 . 1 8

nm ol O i/m in/m g. A t tim e 120 m in, the control rate w as 2.38 ± 0.36 nm ol O a/m in/m g
and that for the 50 |xM d ecylubiquin one-treated sam ple w as 2.28 ± 0.27 nm ol
0 2 /m in/m g.

F ollow ing synaptosom al oxygen consum ption analysis, the synaptosom al sam ples w ere
exam ined for com plex I and I/III activities. C om plex I activity w as not significantly
changed by increasing the duration o f the incubation o f 50 |xM decylubiquinone up to
125 m in w ith rat brain synaptosom es (F igure 4.12). T he rate o f com plex I in the control
after 5 m in incubation w as 36.47 ± 5.25 n m ol/m in/m g and that o f the 50
decylubiquinone-treated sam ple w as 33.61

jj.M

± 5.49 nm ol/m in/m g. A fter 125 m in

incubation, the control rate o f com plex I w as 30.83 ± 2.82 nm ol/m in/m g and that o f the
50 |j.M decylubiquinone-treated sam ple w as 24.29 ± 2.90 nm ol/m in/m g. C om plex I/III
activity w as significantly increased after 5 (p < 0.01), 35 (p < 0.01) and 65 (p < 0.05)
m in incubations (Figure 4.13). T he control rate at tim e 5 m in w as 41.18 ± 7.86
nm ol/m in/m g and the rate for the 50 )j.M decylubiquinone sam ples w as 71.77 ± 8.31
nm ol/m in/m g. The control rate at tim e 35 m in w as 41.55 ± 5.72 nm ol/m in/m g and that
for the 50 )o,M decylubiquinone sam ples w as 70.0 ± 5.89 nm ol/m in/m g. T he control rate
at tim e 65 m in w as 39.57 ± 2.51

n m ol/m in/m g and the rate for the 50

decylubiquinone sam ples w as 60.07 ± 5.66 nm ol/m in/m g. H ow ever, after 95 and 125
m in, the increase in com plex I/III activity by decylubiquinone w as not observed.
C om plex I/III activity after 125 m in incubation w ith decylubiquinone w as significantly
low er than that after 5 m in incubation w ith p value o f < 0.05.
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Figure 4.11: D ecylubiquinone does not alter oxygen consum ption rates in rat brain
synaptosom es during a 2 h incubation period

Synaptosomes (1 mg/ml) were pre-incubated in the absence (blue columns) and the
presence (red columns) o f 50 fxM decylubiquinone (DecQ) in Krebs buffer in a water
bath 37 °C. At 0, 30, 60, 90 and 120 min time points, samples were extracted and
assayed in the oxygen electrode chamber at 37 °C for 5 min. The rate o f oxygen
consumption (JO 2) was followed on a chart recorder. Subsequently, the samples were
frozen at - 80 °C. Experiments were performed on four individual preparations and
results were expressed as mean ± SEM (error bars). Statistical analysis was performed
by one-way ANOVA with post-hoc Bonferroni analysis using Prism.
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Figure 4.12: Decylubiquinone does not affect complex I activity in rat brain
synaptosomes during a 2 h incubation period

Synaptosomes (1 mg/ml) were pre-incubated in the absence (blue columns) and the
presence (red columns) o f 50 [iM decylubiquinone (DecQ) in Krebs buffer in a water
bath 37 °C. At 0, 30, 60, 90 and 120 min time points, samples were extracted and
assayed in the oxygen electrode chamber at 37 °C for 5 min. The samples were frozen
at - 80 °C and freeze fractured three times and examined for complex I activity in a
Cary UV spectrophotometer at 340 nm. Experiments were performed on four individual
preparations and results are expressed as mean ± SEM (error bars). Statistical analysis
was performed by one-way ANOVA with post-hoc Bonferroni analysis using Prism.
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Figure 4.13: Decylubiquinone increases complex I/III activity in rat brain
synaptosomes

Synaptosom es (1 m g/m l) were pre-incubated in the absence (blue colum ns) and the
presence (red columns) o f 50 fxM decylubiquinone (DecQ) in Krebs buffer in a w ater
bath 37 °C. A t 0, 30, 60, 90 and 120 min tim e points, samples were extracted and
assayed in the oxygen electrode cham ber at 37 °C for 5 min. The sam ples were frozen
at - 80 ° C and freeze fractured three tim es and exam ined for com plex I/III activity in a
Cary UV spectrophotom eter at 550 nm. Experim ents were perform ed on four individual
preparations and results are expressed as m ean ± SEM (error bars). Statistical analysis
was perform ed by one-w ay A NO V A with post-hoc Bonferroni analysis using Prism.
Sam ples significantly different to the corresponding control at the same incubation time
point are shown by * for p < 0.05 and ** for p < 0.01. t denotes that the sample is
significantly different to its corresponding sample at tim e 5 w ith p < 0.05.
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4.3.4 Effects of decylubiquinone on rat brain synaptosomal integrity

The LDH assay was utiHsed to examine the release o f LDH into the extra-synaptosomal
media, as a marker of synaptosomal integrity. Following the examination o f the
synaptosomal samples in the oxygen electrode over 125 min exposure period, a
proportion o f each sample was spun down in a bench-top centrifuge and the supernatant
was analysed for LDH activity. Figure 4.14 shows that 50 ^iM decylubiquinone did not
alter the synaptosomal integrity, evident by the lack o f disparity between the 50 [iM
decylubiquinone-treated samples and the control at each time point. The rates o f LDH
activity in any o f the decylubiquinone-treated samples were not altered when compared
to their corresponding control at the same time point. The rate o f LDH release o f the
control at time 5 min was 10.04 ± 0.75 nmol/min/mg and the rate o f LDH release o f the
50 ^iM decylubiquinone sample was 11.89 ± 0.76 nmol/min/mg. After 125 min
incubation, the control rate was 33.30 ± 2.41 nmol/min/mg and the rate o f the 50 jj.M
decylubiquinone sample was 37.52 ± 2.43 nmol/min/mg.

However, in the control, the LDH release into the extra-synaptosomal media after 65
min and beyond this time point, was significantly higher than the rate o f the control at
time 5 min (p < 0.05 for 65 min time point, p < 0.01 for 95 min time point and p <
0.001 for 125 min time point). In the 50 [o,M decylubiquinone sample, the LDH release
after 65 min and beyond this time point was significantly increased compared to the 50
fxM decylubiquinone sample at time 5 min (p < 0.05 for 65 min and 95 min time points
and p < 0.001 for 125 min time point).
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Figure 4.14: Decylubiquinone does not affect rat brain synaptosomal integrity

Synaptosomes (1 mg/ml) were pre-incubated in the absence (blue columns) and the
presence (red columns) o f 50 fxM decylubiquinone (DecQ) in Krebs buffer in a water
bath 37 °C. At 0, 30, 60, 90 and 120 min time points, samples were extracted and
assayed in the oxygen electrode chamber at 37 °C. After 5 min, samples were extracted
and spun in a bench top Eppendorf Centrifuge 5415R for 5 min at 16,100 g. The
supernatants were frozen at - 80 °C and examined for LDH activity in a
spectrophotometer at 340 nm. Experiments were performed on four individual
preparations and results are expressed as mean ± SEM (error bars). Statistical analysis
was performed by one-way ANOVA with post-hoc Bonferroni analysis using Prism.
Samples significantly different to the corresponding sample at time 5 min are shown by
* for p < 0.05, ** for p < 0.01 and *** for p < 0.001.
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4.3.5 Effects of decylubiquinone on synaptosomal oxygen consumption,
complex I activity and complex I/III activity during rotenone titration

Experiments examining the effects of increasing concentrations o f decylubiquinone on
mitochondrial function have been previously described in this chapter. In order to
further elucidate the effects o f decylubiquinone, we looked at the effect o f 50 [j,M
decylubiquinone on synaptosomal oxygen consumption and electron transport chain
complex activities when they are titrated with the complex I inhibitor, rotenone. Figure
4.15 shows that increasing concentrations o f rotenone decreased oxygen consumption in
a similar pattern in both the absence and presence o f 50 )j.M decylubiquinone. It appears
that the synaptosomal oxygen consumption rates are higher in the presence of
decylubiquinone but these alterations are not significant at any concentration of
rotenone.

Following the analysis o f synaptosomes with decylubiquinone and rotenone in the
oxygen electrode, the samples were freeze-fractured with liquid nitrogen and were
assayed for complex I activity and complex I/III activity. Increasing concentrations of
rotenone, a complex I inhibitor, decreased the activity of complex I activity in a
concentration dependent manner in both the absence and presence o f 50 |j.M
decylubiquinone (Figure 4.16). There was no significant difference between the
complex I activity in the samples in the absence o f decylubiquinone when compared to
the samples in the presence o f decylubiquinone for any o f the concentrations of
rotenone.

The addition o f 50 )o.M decylubiquinone to synaptosomes titrated with rotenone,
significantly increased complex I/III activities in the control and in the samples treated
with the lower concentrations (up to 1 nM rotenone) when compared to the
corresponding samples without decylubiquinone (Figure 4.17). The control rate of
complex I/III activity in the absence o f decylubiquinone was 52.96 ± 6.59 nmol/min/mg
compared to 79.45 ± 9.17 nmol/min/mg in the presence o f decylubiquinone. The rate of
complex I/III activity in the 1 nM rotenone samples in the absence of decylubiquinone
was 48.17 ± 6.94 and 71.44 ± 9.38 in the presence o f decylubiquinone.
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Figure 4.15: Decylubiquinone does not affect oxygen consumption rates in rat
brain synaptosomes during rotenone titration

Synaptosomes (1 m g/m l) were incubated with a series o f concentrations o f rotenone (0
- 10 [0.M) in the absence (blue columns) and the presence (red colum ns) o f 50 [o.M
decylubiquinone (DecQ) in Krebs buffer in the oxygen electrode cham ber at 37 °C and
the oxygen consum ption rates were m onitored for 6 min. After analysis, the samples
were frozen at - 80 ° C . Experim ents were perform ed on at least five individual
preparations and results are expressed as mean ± SEM (error bars). Statistical analysis
was perform ed by one-way A N O V A w ith post-hoc Bonferroni analysis using Prism.
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Figure 4.16: Decylubiquinone does not affect complex I activity in rat brain
synaptosomes during rotenone titration

Synaptosomes (1 mg/ml) were incubated with a series o f concentrations o f rotenone (0
- 10 [J.M) in the absence (blue columns) and the presence (red columns) o f 50 ^iM
decylubiquinone (DecQ) in Krebs buffer in the oxygen electrode chamber at 37 °C for 6
min. After analysis, the samples were frozen at - 80 °C and freeze fractured three times
before being examined for complex I activity in a Cary UV spectrophotometer at 340
nm. Experiments were performed on five individual preparations and results are
expressed as mean ± SEM (error bars). Statistical analysis was performed by one-way
ANOVA with post-hoc Bonferroni analysis using Prism.
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Figure 4.17: Decylubiquinone causes partial increase in complex I/III activity in
rat brain synaptosomes during rotenone titration

Synaptosom es (1 mg/ml) were incubated with a series o f concentrations o f rotenone (0
- 10 ^iM) in the absence (blue colum ns) and the presence (red colum ns) o f 50
decylubiquinone (DecQ) in Krebs buffer in the oxygen electrode cham ber at 37 °C for 6
min. A fter analysis, the samples were frozen at - 80 ° C and freeze fractured three times
before being exam ined for com plex I/III activity in a Cary UV spectrophotom eter at
550 nm. Experim ents were perform ed on five individual preparations and results are
expressed as m ean ± SEM (error bars). Statistical analysis w as perform ed by one-way
ANO V A w ith post-hoc Bonferroni analysis using Prism. Samples significantly different
to the corresponding concentration w ithout decylubiquinone are shown w ith * for p <
0.05 and * * for p <0 .01.
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4.3.6 Metabolic control analysis of complex I in synaptosomes treated with
decylubiquinone

The results described in Section 4.3.5 were subsequently used to generate flux control
coefficient and inhibition threshold graphs to obtain inform ation on the effect o f 50 )o.M
decylubiquinone on the control possessed by com plex I on synaptosom al oxygen
consumption. In the absence o f decylubiquinone, synaptosomal oxygen consum ption
remained between ~ 97% and 100%, w hereas com plex I activity rem ained between and
~ 92% and 100%, up to 1 nM rotenone (Figure 4.18 (a)). In the presence o f
decylubiquinone, synaptosomal oxygen consum ption decreased from 100% to ~ 98%,
w hereas the com plex I activity decreased from 100 % to - 93%, up to 1 nM rotenone
(Figure 4.18 (b)). The flux control coefficient for com plex I was found by dividing the
slope o f the synaptosomal oxygen consum ption results by the slope o f the com plex I
activity results at the low er concentrations o f rotenone (up to InM ) (See inset graphs o f
Figure 4.18). The flux control coefficient for com plex
decylubiquinone

was

calculated to

be

0.30

± 0.05

and

I in the

absence o f

in the

presence o f

decylubiquinone it was calculated as 0.28 ± 0.06 (Table 4.1). There was no significant
difference between the flux control coefficient for com plex I in the absence o f
decylubiquinone and that in the presence o f decylubiquinone.

Figure 4.19 shows the inhibition thresholds for com plex I in the absence and presence
of

50

|xM

decylubiquinone.

The

approxim ate

threshold

in

the

absence

of

decylubiquinone was found to be ~ 10%, com pared to that o f ~ 15% after treatment
with decylubiquinone. It appears in Figure 4.19 that the decylubiquinone inhibition
threshold decreased more slowly than the control threshold. At ~ 51%> com plex I
inhibition, ~ 57% oxygen consum ption remained in the presence o f decylubiquinone, in
contrast to - 2 1 % in the absence o f decylubiquinone.
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Figure 4.18: Rotenone titration of oxygen consumption and complex I activity in
synaptosomes in the absence and presence of decylubiquinone

The rates of oxygen consumption (JO 2 , •) presented in Figure 4.15 were plotted along
with complex I activities (o) presented in Figure 4.16 to determine (a) the flux control
coefficient for complex I in the absence of decylubiquinone and (b) the flux control
coefficient for complex 1 in the presence of decylubiquinone. Experiments were
performed on five individual preparations and results are expressed as mean ± SEM
(error bars). At points where no error bar is shown, the SEM was within the size of the
symbol. Inset, the initial rates of JO2 and complex I activity, between 0 and 1 nM
rotenone. Experiments were performed on five individual preparations and results are
expressed as mean ± SEM (error bars). At points where no error bar is shown, the SEM
was within the size of the symbol.

= 0.962 for JO2 ,

= 0.98 for complex I activity

in absence of decylubiquinone and R^ = 0.954 for JO 2 , R^ = 0.954 for complex I activity
in presence of decylubiquinone. Statistical analysis of the flux control coefficients in the
absence and presence of decylubiquinone was performed using an unpaired t-test.
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Figure 4,19: Decylubiquinone partially attenuates rotenone-induced reduction in
oxygen consumption in rat brain synaptosomes

The oxygen consumption (JO 2) results from Figure 4.18 were plotted against inhibition
of complex I activity (as % o f control) in the absence ( • ) and presence (o) of 50 |j,M
decylubiquinone (DecQ). Experiments were performed on five individual preparations
and results are expressed as mean ± SEM (error bars). At points where no error bar is
shown, the SEM was within the size of the symbol.
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4.3.7 Metabolic control analysis of complex I/III (titrated with rotenone) in
synaptosomes treated with decylubiquinone

MCA of complex l/lll, in the absence and presence o f 50 |a,M decylubiquinone, was
performed using rotenone to titrate out complex l/lll activity. In the absence o f
decylubiquinone, synaptosomal oxygen consumption remained between ~ 97% and
100%, whereas complex I/III activity remained between and ~ 92% and 100%, up to 1
nM rotenone (Figure 4.20(a)). In the presence o f decylubiquinone, synaptosomal
oxygen consumption decreased from 100% to ~ 98%, whereas the complex I/III activity
decreased considerably from 100 % to - 85%, up to 1 nM rotenone (Figure 4.20(b)).
The flux control coefficient for complex I/IIl decreased from 0.30 ± 0.06 in the absence
of decylubiquinone to 0.14 ± 0.02 in the presence o f decylubiquinone (Table 4.1). The
flux control coefficient for complex l/III in the presence of decylubiquinone was
significantly lower than the flux control coefficient for complex l/lll in the absence of
decylubiquinone (p < 0.001).

The complex I/IIl inhibition threshold, found by titrating with rotenone, shows a similar
pattern in the absence and presence o f 50 |iM decylubiquinone (Figure 4.21). However
the curve for decylubiquinone was shifted to the right when compared to the control
curve. The approximate complex l/lll threshold for those in the absence of
decylubiquinone was found to be ~ 10%, compared to ~ 15% for the decylubiquinonetreated samples (Table 4.2). At - 42% inhibition o f complex I/lIl, ~ 57% synaptosomal
oxygen consumption remained in the presence o f decylubiquinone, in contrast to - 4 1 %
in the absence o f decylubiquinone.

Figure 4.20: Rotenone titration of oxygen consumption rates and complex I/III
activity in synaptosomes in the absence and presence of decylubiquinone

The rates of oxygen consumption (JO2 , •) presented in Figure 4.15 were plotted along
with complex I/III activities (o) presented in Figure 4.17 to determine (a) the flux
control coefficient for complex I/lII in the absence of decylubiquinone and (b) the flux
control coefficient for complex I/llI in the presence of decylubiquinone. Experiments
were performed on five individual preparations and results are expressed as mean ±
SEM (error bars). At points where no error bar is shown, the SEM was within the size
of the symbol. Inset, the initial rates of JO 2 and complex I/III activity, between 0 and 1
nM rotenone. Experiments were performed on five individual preparations and results
are expressed as mean ± SEM (error bars). At points where no error bar is shown, the
SEM was within the size of the symbol.

= 0.962 for JO 2 ,

= 0.958 for complex I/III

activity in absence of decylubiquinone and R^ = 0.954 for JO 2 , R^ = 0.998 for complex
I/III activity in presence of decylubiquinone. Statistical analysis of the flux control
coefficients in the absence and presence of decylubiquinone was performed using an
unpaired t-test.
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Figure 4.21: Complex I/III thresholds in the absence and presence of
decylubiquinone in rat brain synaptosomes

The oxygen consumption (JO2) results from Figure 4.20 were plotted against inhibition
of complex I/III activity (as % of control) in the absence (•) and presence (o) of 50 |xM
decylubiquinone (DecQ). Experiments were performed on five individual preparations
and results are expressed as mean ± SEM (error bars). At points where no error bar is
shown, the SEM was within the size of the symbol.
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4.3.8 Effects of decylubiquinone on synaptosomal oxygen consumption rates
during myxothiazol titration

Experim ents w ere perform ed to investigate the effects o f 50 |iM decylubiquinone on
synaptosomal oxygen consum ption titrated out with the com plex III inhibitor,
myxothiazol. The effect o f 50 |j,M decylubiquinone on myxothiazol titration o f
synaptosom al oxygen consum ption is shown in Figure 4.22. At the lower concentrations
o f m yxothiazol (up to 150 nM ) a sim ilar pattern o f inhibition was observed in the
absence and presence o f decylubiquinone. However, at the higher concentrations used
(350 nM and 500 nM ), myxothiazol does not decrease oxygen consum ption in the same
manner in the samples treated w ith 50 |0.M decylubiquinone as in the samples without
decylubiquinone.

The rate o f synaptosom al oxygen consum ption in the 350 nM myxothiazol samples in
the absence o f 50 |xM decylubiquinone was 1.49 ± 0.37 nmol O i/m in/m g, in contrast
with 2.77 ± 0.22 nmol 0 2 /m in/m g in the presence o f decylubiquinone (p < 0.01). The
addition o f 50 }j,M decylubiquinone significantly increased the rate o f oxygen
consum ption in the 500 nM myxothiazol samples from 0.20 ± 0.11 nmol Oa/min/mg to
2.10 ± 0.32 nmol 0 2 /m in/m g with p value o f < 0.001 (Figure 4.22). Even though it
appears that the decylubiquinone-treated sample at 1 |iM myxothiazol is higher than the
corresponding ethanol-treated sample, this difference is not statistically significant.
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Figure 4.22: Decylubiquinone attenuates myxothiazol-induced reduction in oxygen
consumption rates in rat brain synaptosomes

Synaptosomes (1 mg/ml) were incubated with a series o f concentrations o f myxothiazol
(0 - 1 fxM) in the absence (blue columns) and presence (red columns) o f 50 |o.M
decylubiquinone (DecQ) in Krebs buffer in the oxygen electrode chamber at 37 °C and
the oxygen consumption rates were monitored for 6 min. After analysis, the samples
were frozen at - 80 °C. Experiments were performed on five individual preparations and
results are expressed as mean ± SEM (error bars). Statistical analysis was performed by
one-way ANOVA with post-hoc Bonferroni analysis using Prism. Samples significantly
different to the corresponding concentration without decylubiquinone are shown with
** for p<0.01 and *** for p < 0.001.
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4.3.9 Effects o f decylubiquinone on com plex I/III, com plex II/III and
com plex III activities during m yxothiazol titrations

Following exam ination o f synaptosomal oxygen consum ption in the oxygen electrode,
the samples were freeze-fractured and analysed for electron transport chain activities.
The pattern o f com plex I/III inhibition by m yxothiazol was altered by the treatm ent o f
the synaptosomes with 50 |j,M decylubiquinone (Figure 4.23). Increased com plex I/III
activity was observed in the decylubiquinone-treated samples at 0, 1 nM and 10 nM
myxothiazol concentrations with p values o f < 0.001. A t 10 nM m yxothiazol, com plex
I/III activity was 39.26 ± 4.52 nm ol/m in/m g in the absence o f decylubiquinone
compared to 60.96 ± 6.22 nm ol/m in/m g in the sam ples that had been treated with
decylubiquinone.

In addition, com plex II/III activity was titrated with myxothiazol in the absence and
presence o f 50 |o,M decylubiquinone with the results showing a similar pattern to that o f
the

titration

of

com plex

I/III

activity

with

myxothiazol

with

and

without

decylubiquinone (Figure 4.24). Com plex II/III activity was significantly increased in the
0, 1 nM and 10 nM m yxothiazol-treated sam ples in the presence o f decylubiquinone
when com pared to the corresponding samples in the absence o f decylubiquinone. The
com plex II/III activity o f the 10 nM myxothiazol was 33.51 ± 3.49 nm ol/m in/m g in the
samples without decylubiquinone compared to 52.45 ± 5.54 nm ol/m in/m g treated with
50 }^M decylubiquinone.

Figure 4.25 shows myxothiazol titration o f com plex III in the absence and presence o f
decylubiquinone. Increasing concentrations o f m yxothiazol, up to 1 p-M, decreased the
activity o f com plex III in a sim ilar m anner in the absence and presence o f 50 pM
decylubiquinone. There were no statistically significant differences betw een the
corresponding samples treated with decylubiquinone and those that had not been treated
with decylubiquinone.
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Figure 4.23: Decylubiquinone increases complex I/III activity in rat brain
synaptosomes during myxothiazoi titration

Synaptosomes (1 m g/m l) were incubated with a series o f concentrations o f myxothiazoi
(0 - 1 p,M) in the absence (blue columns) and presence (red colum ns) o f 50 |iM
decylubiquinone (DecQ) in Krebs buffer in the oxygen electrode cham ber at 37 ° C for
6 min. After analysis, the samples were frozen at - 80 °C and freeze fractured three
times before being exam ined for com plex I/III activity in a Cary UV spectrophotom eter
at 550 nm. Experim ents were perform ed on five individual preparations and results are
expressed as m ean ± SEM (error bars). Statistical analysis was perform ed by one-way
ANOVA w ith post-hoc Bonferroni analysis using Prism. Samples significantly different
to the corresponding concentration w ithout decylubiquinone are shown w ith *** for p
<

0 . 001 .
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Figure 4.24: Decylubiquinone increases complex II/III actvity in rat brain
synaptosomes during myxothiazol titration

Synaptosomes (1 mg/ml) were incubated with a series o f concentrations o f myxothiazol
(0 - 1 ^iM) in the absence (blue columns) and presence (red columns) o f 50 )j,M
decylubiquinone (DecQ) in Krebs buffer in the oxygen electrode chamber at 37 °C for 6
min. After analysis, the samples were frozen at - 80 °C and freeze fractured three times
before being examined for complex II/III activity in a Cary UV spectrophotometer at
550 nm. Experiments were performed on five individual preparations and results are
expressed as mean ± SEM (error bars). Statistical analysis was performed by one-way
ANOVA with post-hoc Bonferroni analysis using Prism. Samples significantly different
to the corresponding concentration without decylubiquinone are shown with *** for p <
0 .001.
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Figure 4,25: Decylubiquinone does not affect complex III actvity in rat brain
synaptosomes during myxothiazol titration

Synaptosomes (1 mg/ml) were incubated with varying concentrations o f myxothiazol (0
- 1 i^M) in the absence (blue columns) and presence (red columns) o f 50 |o,M
decylubiquinone (DecQ) in Krebs buffer in the oxygen electrode chamber at 37 °C for 6
min. After analysis, the samples were frozen at - 80 °C and freeze fractured three times
before being examined for complex III activity in a Cary UV spectrophotometer at 550
nm. Experiments were performed on five individual preparations and results are
expressed as mean ± SEM (error bars). Statistical analysis was performed by one-way
ANOVA with post-hoc Bonferroni analysis using Prism.
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4.3.10

Metabolic

control

analysis

of

complex

I/III

(titrated

with

myxothiazol) in synaptosomes treated with decylubiquinone

Subsequently, MCA was performed using the results obtained in Section 4.3.8 and
Section 4.3.9 to investigate the effects o f 50 p.M decylubiquinone on the level o f control
possessed by complex I/III over synaptosomal oxygen consumption. Figure 4.26(a)
shows that, up to 150 nM myxothiazol, in the absence o f 50 jj-M decylubiquinone,
oxygen consumption remained between 100% and ~ 92% and complex I/III remained
between 100% and - 82%, which gave a flux control coefficient o f 0.32 ± 0.08 (Table
4.2). Figure 4.26(b) shows that, in the presence o f 50 |xM decylubiquinone, oxygen
consumption decreased from 100% to - 80% and the complex I/III activity decreased
considerably from 100 % to ~ 51%, up to 150 nM myxothiazol giving a flux control
coefficient o f 0.33 ± 0.05 (Table 4.2). The flux control coefficient for complex I/III
activity was not significantly different in the presence o f decylubiquinone when
compared to the flux control coefficient in the absence o f decylubiquinone, when
titrated with myxothiazol.

In addition, the results in Section 4.3.8 and Section 4.3.9 were used to generate the
inhibition threshold curves for complex I/III in the absence and presence o f 50 |j,M
decylubiquinone (Figure 4.27). The threshold for complex I/III in the absence of
decylubiquinone was observed to be - 35%, in contrast to ~ 85% in the presence of
decylubiquinone. Therefore, in the absence o f decylubiquinone, complex I/III could be
decreased by - 35% before an effect was seen on synaptosomal oxygen consumption.
However, this level was raised to ~ 85% in the presence o f decylubiquinone.
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Figure 4.26: Myxothiazol titration of oxygen consumption rates and complex I/III
activity in synaptosomes in the absence and presence of decylubiquinone

The rates o f oxygen consum ption (JO 2 , • ) presented in Figure 4.22 were plotted along
w ith com plex l/IIl activities (o ) presented in Figure 4.23 to determ ine (a) the flux
control coefficient for com plex I/lIl in the absence o f decylubiquinone and (b) the flux
control coefficient for com plex I/III in the presence o f decylubiquinone. Experiments
were perform ed on five individual preparations and results are expressed as mean ±
SEM (error bars). At points where no error bar is shown, the SEM was w ithin the size
o f the symbol. Inset, the initial rates o f JO 2 and com plex I/III activity, between 0 and
150 nM myxothiazol. Experim ents were perform ed on five individual preparations and
results are expressed as mean ± SEM (error bars). A t points where no error bar is
shown, the SEM was w ithin the size o f the symbol.

= 0.905 for JO 2 ,

= 0.917 for

com plex I/III activity in presence o f ethanol and R^ = 0.977 for JO 2 , R^ = 0.963 for
com plex I/III activity in presence o f decylubiquinone. Statistical analysis o f the flux
control coefficients in the absence and presence o f decylubiquinone was perform ed
using an unpaired t-test.
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Figure 4.27: Decylubiquinone increases the complex I/III inhibition threshold for
oxygen consumption rates in rat brain synaptosomes

The oxygen consumption (JO2 ) results from Figure 4.26 were plotted against inhibition
of complex I/III activity (as % of control) in the absence (•) and presence (o) of 50 |aM
decylubiquinone (DecQ). Experiments were performed on five individual preparations
and results are expressed as mean ± SEM (error bars). At points where no error bar is
showTi, the SEM was within the size of the symbol.
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4,3.11 Metabolic control analysis of complex II/III in synaptosomes treated
with decylubiquinone

The resuhs in Figures 4.22 and 4.24 were analysed further to determ ine the flux control
coefficients and inhibition thresholds o f com plex II/III in the absence and presence o f
decylubiquinone. The m yxothiazol titration o f synaptosomal oxygen consum ption in the
presence o f 50 ia,M decylubiquinone shows a different pattern than that in the absence o f
decylubiquinone but the myxothiazol titration o f com plex II/III activity shows a similar
pattern in the absence and presence o f decylubiquinone (Figure 4.28(a) & Figure
4.28(b)). In the absence o f decylubiquinone, up to 150 nM m yxothiazol, synaptosomal
oxygen consum ption decreased to ~ 92 %, whereas com plex II/III activity decreased to
~ 59% (Figure 4.28(a)). In contrast, in the presence o f 50 |aM decylubiquinone, up to
150 nM m yxothiazol, synaptosomal oxygen consum ption decreased to - 80% and
com plex II/III activity was reduced to ~ 35% (Figure 4.28(b)). The flux control
coefficient for com plex II/III in the absence o f decylubiquinone was 0.21 ± 0.04 and in
the presence o f 50 |iM decylubiquinone the flux control coefficient was 0.36 ± 0.06
(Table 4.2). Statistical analysis reported that the flux control coefficient for complex
II/III in the presence o f decylubiquinone was not significantly higher than that
determ ined in the absence o f decylubiquinone.

Oxygen consum ption rates were plotted against % com plex II/III inhibition in order to
generate the com plex II/III inhibition threshold graphs in the absence and presence o f
decylubiquinone. Figure 4.29 shows that the approxim ate inhibition threshold for
com plex II/III in the absence o f decylubiquinone was ~ 40% , how ever the presence o f
decylubiquinone appeared to alter the threshold to ~ 90%.
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Figure 4.28: Myxothiazol titration of synaptosomal oxygen consumption and
complex II/lII activity in the absence and presence of decylubiquinone

The rates o f oxygen consum ption (JO 2 , • ) presented in Figure 4.22 were plotted along
with com plex 11/111 activities (o) presented in Figure 4.24 to determ ine (a) the flux
control coefficient for com plex Il/IIl in the absence o f decylubiquinone and (b) the flux
control coefficient for com plex 11/111 in the presence o f decylubiquinone. Experiments
were perform ed on five individual preparations and results are expressed as mean ±
SEM (error bars). At points where no error bar is shown, the SEM was w ithin the size
o f the symbol. Inset, the initial rates o f JO 2 and com plex 11/111 activity, between 0 and
150 nM myxothiazol. Experim ents were perform ed on five individual preparations and
results are expressed as mean ± SEM (error bars). At points where no error bar is
shown, the SEM was w ithin the size o f the symbol.

= 0.905 for JO 2 ,

= 0.991 for

com plex Il/Ill activity in absence o f decylubiquinone and R ^= 0.977 for JO 2 , R^= 0.936
for com plex 11/111 activity in presence o f decylubiquinone. Statistical analysis o f the
flux control coefficients in the absence and presence o f decylubiquinone was perform ed
using an unpaired t-test.
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Figure 4.29: Decylubiquinone increases the complex II/III inhibition threshold for
oxygen consumption rates in rat brain synaptosomes

The oxygen consumption (JO2) results from Figure 4.28 were plotted against inhibition
o f complex II/III activity (as % o f control) in the absence ( • ) and presence (o) o f 50 |iM
decylubiquinone (DecQ). Experiments were performed on five individual preparations
and results are expressed as mean ± SEM (error bars). At points where no error bar is
shown, the SEM was within the size of the symbol.
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4.3.12 M etabolic control analysis o f com plex III in synaptosom es treated
with decylubiquinone

As with complexes l/lll and 11/111, the flux control coefficients and inhibition thresholds
for complex 111 activity, titrated with myxothiazol, in the absence and presence of
decylubiquinone were determined. Figure 4.30(a) shows a different pattern of
myxothiazol titration o f oxygen consumption, but a similar pattern o f myxothiazol
titration of complex 111 activity when compared to Figure 4.30(b). Up to 150 nM
myxothiazol in the absence o f decylubiquinone, oxygen consumption remained between
100% and ~ 92% and complex 111 remained between 100% and ~ 63% (Figure 4.30(a)),
which gave a flux control coefficient o f 0.20 ± 0.05 (Table 4.2). Figure 4.30(b) shows
that, in the presence o f 50 |j,M decylubiquinone, the oxygen consumption decreased
from 100% to ~ 80%, whereas the complex 111 activity decreased considerably from 100
% to - 48%, up to 150 nM myxothiazol, giving a flux control coefficient o f 0.34 ± 0.05
(Table 4.2). The flux control coefficient for complex 111 in the absence of
decylubiquinone was not significantly different to that determined for complex III in the
presence o f decylubiquinone.

The results in Figure 4.30(a) and Figure 4.30(b) were re-plotted to generate inhibition
threshold curves for complex III in the absence and presence o f decylubiquinone
(Figure 4.31). The approximate complex III inhibition threshold in the absence of
decylubiquinone was ~ 35% and that in the presence o f 50 |j.M decylubiquinone was ~
60%. The flux control coefficients and approximate inhibition thresholds for the
respiratory chain complexes titrated with rotenone and myxothiazol are presented in
Tables 4.1 and 4.2.
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Figure 4.30: Myxothiazol titration of synaptosomal oxygen consumption and
complex III activity in the absence and presence of decylubiquinone

The rates o f oxygen consumption (JO 2 , • ) presented in Figure 4.22 were plotted along
with complex III activities (o) presented in Figure 4.25 to determine (a) the flux control
coefficient for complex III in the absence o f decylubiquinone and (b) the flux control
coefficient for complex III in the presence o f decylubiquinone. Experiments were
performed on five individual preparations and results are expressed as mean ± SEM
(error bars). At points where no error bar is shown, the SEM is within the size of the
symbol. Inset, the initial rates o f JO 2 and complex III activity, between 0 and 150 nM
myxothiazol. Experiments were performed on five individual preparations and results
are expressed as mean ± SEM (error bars). At points where no error bar is shown, the
SEM was within the size o f the symbol.

= 0.905 for JO 2 ,

2

= 0.948 for complex III
2

activity in presence o f ethanol and R = 0.977 for JO 2 , R = 0.962 for complex III
activity in presence o f decylubiquinone. Statistical analysis o f the flux control
coefficients in the absence and presence o f decylubiquinone was performed using an
unpaired t-test.
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Figure 4.31: Decylubiquinone increases the complex III inhibition threshold for
oxygen consumption in rat brain synaptosomes

The oxygen consumption (JO2 ) resuhs from Figure 4.30 were plotted against inhibition
of complex III activity (as % of control) in the absence (•) and presence (o) of 50 |j,M
decylubiquinone (DecQ). Experiments were performed on five individual preparations
and results are expressed as mean ± SEM (error bars). At points where no error bar is
shown, the SEM was within the size of the symbol.
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Flux control coefficients

Thresholds

Complex I - DecQ

0.30 ± 0.05

~ 10%

Complex I + DecQ

0.28 ± 0.06

~ 15%

Complex I/III - DecQ

0.30 ± 0.06

Complex I/III + DecQ

0.14 ± 0.02

~

-■

10%

-1 5 %

Table 4.1: Flux control coefilcients and inhibition thresholds for complexes I and
I/III in the absence and presence of decylubiquinone, titrated with rotenone

The flux control coefficients were calculated from Figures 4.18 and 4.20 and the
thresholds were estimated from Figures 4.19 and 4.21. Statistical analysis o f the flux
control coefficients in the absence and presence o f 50 )xM decylubiquinone (DecQ) was
performed using unpaired t-tests. *** denotes flux control coefficient significantly
different in the presence of decylubiquinone when compared to the flux control
coefficient in the absence o f decylubiquinone (p < 0.001).

Flux control coefficients

Thresholds

Complex I/IIl - DecQ

0.32 ± 0.08

- 35%

Complex I/III + DecQ

0.33 ± 0.04

~ 85%

Complex II/III - DecQ

0.21 ±0.04

~ 40%

Complex II/III + DecQ

0.36 ± 0.06

~ 90%

Complex III - DecQ

0.20 ±0.05

- 35%

Complex III + DecQ

0.34 ±0.05

~ 60%

Table 4.2: Flux control coefficients and inhibition thresholds for complexes I/III,
II/III and III in the absence and presence of decylubiquinone titrated with
myxothiazol

The flux control coefficients were calculated from Figures 4.26, 4.28 and 4.30 and the
thresholds were estimated from Figures 4.27, 4.29 and 4.31. Statistical analysis o f the
flux control coefficients in the absence and presence o f 50 jj.M decylubiquinone was
performed using unpaired t-tests.
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4.4 Discussion

4.4.1 General discussion

As described in the introduction to this chapter, decylubiquinone is an analogue o f
endogenously occurring ubiquinone and acts as an efficient acceptor o f electrons in the
electron transport chain. Decylubiquinone has been proposed as a possible therapeutic
agent. However, the information on its effects and its mechanisms o f action is
somewhat lacking. Because decylubiquinone naturally accumulates in the mitochondria,
this study aimed to investigate the effects o f decylubiquinone on mitochondrial function
in synaptosomes, with particular attention being paid to the effects o f decylubiquinone
on flux control coefficients and synaptosomal oxygen consumption thresholds
associated with the respiratory chain complexes.

In this study, decylubiquinone increased complex I/III activity (at concentration o f 50
|aM decylubiquinone) and complex II/III activity (at concentrations o f 10 - 100 jj.M
decylubiquinone). This is not surprising because the activities o f complex l/lll and
complex II/III both depend on the presence o f ubiquinone (Ogasahara et al. 1989).
Decylubiquinone

could

be

expected

to

increase the availability

o f substrate

(ubiquinone) to complex I/III and complex II/III, thereby elevating their activities.
Arising from observations that the Vmax o f decylubiquinone for NADH oxidation is in
the range o f Vmax o f ubiquinone, it was proposed that decylubiquinone imposes its
effects by replenishing the ubiquinone pool (Lenaz et al. 1997). The mechanisms by
which increased availability of ubiquinone can alter the maximum rates through the
respiratory chain include by diffusion-based collisions o f ubiquinone with its redox
partners or by a kinetic-saturating effect (Estomell et al. 1992, Chazotte et al. 1991).

The highest concentration o f decylubiquinone used in the present study, 100 |^M, had
conflicting effects in rat brain synaptosomes. It significantly increased synaptosomal
oxygen consumption but inhibited complex I activity. It was thought that these effects
could arise as a result o f turbidity in the 100 jiM decylubiquinone treatments. However,
analysis by spectrophotometry showed that there was no turbidity in this sample (data
not shown). A possible explanation for the reduction in complex I activity by 100 )iM
decylubiquinone is that decylubiquinol, the reduced form of decylubiquinone, could be

134

inhibiting com plex I activity. Benit et al (2008) showed that decylubiquinol reduced
com plex I activity in mouse heart tissue. This group showed that inhibition o f com plex I
activity after the addition o f decylubiquinone was not consistent with the concentration
o f decylubiquinone added and surmised that the inhibitory factor was a com pound that
was produced during the m etabolism o f decylubiquinone. They suggested that
decylubiquinol inhibits com plex I by com peting w ith ubiquinone for binding to
com plex 1 (Benit et al. 2008). James et al (2005) reported that in rat liver mitochondria,
respiring

on

succinate,

decylubiquinone rem ained

(decylubiquinol) and this was brought about by high

largely

in its reduced

state

which slowed the conversion

o f decylubiquinol to decylubiquinone by com plex 111. Those results would suggest that
treatm ent with 100 |iM decylubiquinone can result in a build-up o f decylubiquinol,
which may subsequently inhibit com plex I. This may account for the decreased
com plex I activity found in the present study. An additional possible explanation for the
effect o f 100 iiM decylubiquinone on com plex 1 involves the formation o f m icelles by
100 |j.M decylubiquinone, which may affect electron transport chain solubility and
activity in the inner m em brane o f the m itochondrion (personal com m unication. P rof
Peter Rich). 100 )o.M decylubiquinone increased synaptosomal oxygen consum ption
significantly. It is unclear as to the reasons for this increase. It may be the case that high
concentrations o f decylubiquinone uncouple the m itochondria, thus increasing the flux
o f electrons through the respiratory chain, leading to increased respiration rates.
Decylubiquinone restored respiration

in ubiquinone-deficient yeast m itochondria

(James et al. 2005). Up to 100 }j.M decylubiquinone did not alter com plex III or
com plex IV activities. This would be as expected. Endogenous ubiquinone transfers
electrons from com plexes 1 and 11 to com plex 111, which passes them onto com plex IV.
Therefore, any increase in ubiquinone by the addition o f decylubiquinone would be
expected to have its effects before com plex 111 and com plex 111 and IV will work at their
usual rate.

Thus,

it appears

from

the

results

in this

chapter that the

concentration

of

decylubiquinone is an infiuential factor in determ ining com plex I/IIl activity and
com plex II/IIl activity but is not a controlling factor in the activities o f the individual
com plexes, 1, III and IV, which were unaffected by decylubiquinone (up to 50 |iM).
This correlates with a study by O gasahara et al { \ 989) that analysed com plex activities

135

from two patients who had ubiquinone deficiencies (ubiquinone content was - 4% of
the control levels). They found that the activities o f complexes I, II, III and IV in
mitochondria from the patients were the same as in the control samples. However, they
found that complex I/III and complex II/III activities were significantly lower in the
ubiquinone-deficient patients than in the controls. Therefore, ubiquinone appears to be a
necessary parameter in maintaining complex I/III and complex II/III activities.

For further investigations, 50 |o,M decylubiquinone was chosen as the treatment
concentration because it was the highest effective concentration that did not induce a
reduction

in

complex

I

activity.

Complex

I/III

activity

was

increased

in

decylubiquinone-treated samples compared to those not treated with decylubiquinone.
However, this increase in complex I/III activity disappeared after 95 min incubation.
The complex I/III activity in the decylubiquinone-treated sample after 125 min was
significantly lower than complex I/III activity after 5 min treatment. Therefore, the loss
o f difference between the samples in the absence and presence o f decylubiquinone is as
a result o f the loss o f the increase in complex I/III activity in the decylubiquinonetreated samples rather than an increase in complex I/III activity in the samples not
treated with decylubiquinone over time. The loss o f increased complex I/III activity
over time may occur as a result o f decylubiquinone partitioning out o f the membrane
over time, which would make decylubiquinone less available to accept electrons from
complexes I and II, thus removing the increases observed at earlier incubation time
points.

A previous study examined four ubiquinone derivatives (decylubiquinone, menadione,
idebenone and duroquinone) for their effects on complex I and II activities and
mitochondrial oxygen uptake (Briere et al. 2004). They found that decylubiquinone
increased oxygen uptake and complex I activity in mouse liver sub-mitochondrial
fractions when NADH was present but did not increase complex I activity or oxygen
uptake in the presence o f NADH and succinate. In the present study, NADH and
succinate are both available to the electron transport chain because synaptosomes are
endogenously energised with glucose. Therefore, the results obtained in the current
study (up to 50 |o.M) are similar to those found by Briere et al (2004) that
decylubiquinone (up to 80 ^iM) did not alter oxygen consumption or complex I activity.
Fernandez-Ayala et al (2005) looked at the effect o f 2 p,M ubiquinone and 2 )o.M
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coenzyme Qe in hum an HL60 cells. They found that ubiquinone increased com plex I/III
(23.3% ) and com plex II/III (18.1% ) activities significantly in HL60 m itochondrial
samples but coenzym e Qe did not. In this study, 10 )aM decylubiquinone increased
com plex II/III activity by ~ 45%. 50 )iM decylubiquinone increased com plex I/III
activity by ~ 64% and com plex II/III activity by ~ 80%.

With the intention o f exam ining decylubiquinone further, it was added to synaptosomal
system s that were subsequently treated with the mitochondrial inhibitors, rotenone and
m yxothiazol, and mitochondrial function was analysed. As discussed above, 50 (xM
decylubiquinone was the chosen concentration for these experiments. 50 |iM had no
significant effects on synaptosomal oxygen consum ption or com plex I activity in
synaptosom es that were titrated with rotenone. 50 |iM decylubiquinone elevated
com plex I/III activity in the control and in lower concentrations o f rotenone (up to 1
nM). However, at the higher concentrations o f rotenone, this effect was not observed.
The low concentrations o f rotenone, do not inhibit complex I activity but complex I
inhibition starts to occur as the concentrations o f rotenone are raised. In this case
decylubiquinone does not increase com plex I/III activity because rotenone decreases the
m axim um rate o f the reaction and reduces the flow o f electrons to ubiquinone (or
decylubiquinone).

Decylubiquinone showed sim ilar results in the m yxothiazol titration o f com plex I/III
activity as in the rotenone titration o f com plex I/III activity. In the control and low
concentrations o f myxothiazol (up to 10 nM ), 50 p.M decylubiquinone increased the
com plex I/III activity in the samples. However, this effect was not obtained at higher
concentrations o f myxothiazol, possibly because myxothiazol will block com plex III
activity, thus reducing com plex I/III activity. Similar effects were observed for complex
II/III activity during a myxothiazol titration in the presence o f 50 )j.M decylubiquinone.
Com plex II/III activity was enhanced significantly by 50 p.M decylubiquinone in the
control and in the lower concentrations o f myxothiazol (up to 10 nM ) but not in the
higher concentrations o f m yxothiazol. The presence o f 50 p.M decylubiquinone had no
effect on complex III activity titrated w ith m yxothiazol. This is expected as
decylubiquinone has its actions before com plex III and therefore w ould not have the
ability to enhance its activity. The pre-treatm ent o f HL60 cells with decylubiquinone
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did not alter complex III activity (Armstrong et al. 2003) which correlates with the
results found here.

50

decylubiquinone significantly increased synaptosomal oxygen consumption in

synaptosomes that were treated with higher concentrations o f myxothiazol when
compared to the corresponding samples in the absence o f decylubiquinone. The reasons
for this observation are unresolved in this report, however some possible explanations
are given. It is unlikely that uncoupling is occurring because the synaptosomal oxygen
consumption rate in the absence o f myxothiazol was not altered by 50 |j.M
decylubiquinone. It could be the case that decylubiquinone can interfere with
myxothiazol partitioning into complex III, thereby decreasing the availability o f
myxothiazol to complex III. This action would protect complex III from damage by
myxothiazol, which would reduce the inhibition o f oxygen consumption at higher
concentrations o f myxothiazol. It is thought that decylubiquinone does not interfere
with myxothiazol binding to complex III but the reduced form, decylubiquinol, may
compete with myxothiazol for binding at complex III (P rof Peter Rich, personal
communication). As discussed above, decylubiquinone remains largely in its reduced
form in rat liver mitochondria that are respiring on succinate (James et al. 2005).
Therefore, decylubiquinol would be present to compete with myxothiazol for binding to
complex III, which would reduce the inhibition imposed by myxothiazol on oxygen
consumption. This appears to be a plausible explanation, however, it would be
presumed that if decylubiquinol were competing with myxothiazol for binding to
complex III, then decylubiquinone would also protect the reduction o f complex III
activity by myxothiazol. The results in this chapter show that decylubiquinone did not
protect complex I/III, complex II/III or complex III activities from the higher
concentrations o f myxothiazol. This implies that myxothiazol is gaining access to
complex III to the same extent in the absence and in the presence o f decylubiquinone. If
decylubiquinone is not protecting oxygen consumption through decylubiquinol
competition with myxothiazol, it may the case that decylubiquinone enhances oxygen
consumption by increasing electron flow through the electron transport chain, which
brings about elevated oxygen conversion at complex IV. Decylubiquinone may increase
the flux o f electrons from complex III to cytochrome c, which could increase the rate of
oxygen consumption, even in the presence o f myxothiazol, as myxothiazol has its
actions before the transfer of electrons from complex III to cytochrome c.
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It must be noted that 50 iJ.M decylubiquinone was required as an electron acceptor in the
complex I assay. Therefore, the final concentration o f decylubiquinone in the
synaptosomal samples that had been treated with decylubiquinone was fractionally
higher than in those that had not been treated with decylubiquinone. In addition,
decylubiquinol, the reduced form o f decylubiquinone, was required as an electron donor
in the complex III assay. It may be the case that the presence o f decylubiquinol in the
decylubiquinone-treated

samples

may

have

increased

the

concentration

of

decylubiquinol in these samples. However, the results in this chapter show that
treatment of the synaptosomes with 50 [j.M decylubiquinone did not alter the complex I
or complex III activities significantly and therefore, the additional decylubiquinone and
decylubiquinol do not appear to be affecting the assays.

4,4.2 Flux control coefficients

Flux control coefficients can be used to monitor any changes in the spread o f control in
a pathway. In Chapter 3, the flux control coefficients for complex I, II/III and IV were
determined in rat brain synaptosomes with complex I possessing the highest level of
control. Further investigations were performed in this chapter to examine the effect o f
50 IO.M decylubiquinone on the flux control coefficients for complexes I, I/III, II/III and
III in rat brain synaptosomes.

Complex I and complex I/III (titrated with both rotenone and myxothiazol) possessed
the highest level of control of the electron transport chain complexes over synaptosomal
oxygen consumption in the absence o f decylubiquinone with these complexes having
the highest flux control coefficient values. The flux control coefficient for complex I/III
was examined by two methods, by titrating complex I with rotenone and by titrating
complex III with myxothiazol. Similar flux control coefficients were reported for
complex I/III in the two experiments (0.30 ± 0.06 with rotenone and 0.32 ± 0.08 with
myxothiazol) in the absence o f decylubiquinone. The flux control coefficient for
complex I/III inhibited with myxothiazol was similar in the presence (0.33 ± 0.05) and
absence (0.32 ± 0.08) o f decylubiquinone.
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In contrast to this, the flux control coefficient for complex I/III in the presence o f
decylubiquinone inhibited with rotenone was determined as 0.14 ± 0.02, which was
significantly lower than that in the presence o f decylubiquinone (0.30 ± 0.06). This
lower flux control coefficient may occur as a result o f decylubiquinone-induced
increased flow of electrons through complex I/III. Even though complex I is inhibited
by rotenone, decylubiquinone may have the ability to increase the flux o f electrons to
complex III, by bypassing complex I (Figure 4.31 (a)). Complex II is not inhibited by
rotenone so it will be functioning as normal. 15% inhibition o f complex I by rotenone,
means that 15% o f complex I molecules are inhibited completely and the remaining
85% function as normal. Therefore, decylubiquinone may be increasing the flux o f
electrons from the remaining active complex I and from complex II to complex III, by
increasing available substrate, even as increasing levels o f complex I components are
inhibited (Figure 4.31 (a)).

The flux control coefficient for complex I/III titrated with myxothiazol is not lower in
the presence o f decylubiquinone than in it absence. Myxothiazol inhibits at complex III,
thus no matter how much decylubiquinone increases the flow o f electrons, myxothiazol
will block complex III activity, blocking the respiratory chain at a later stage than
rotenone (Figure 4.31 (b)).

In the myxothiazol titrations, in the absence o f decylubiquinone, complex II/III and
complex III reported similar flux control coefficients (0.21 ± 0.04 and 0.20 ± 0.05,
respectively). The flux control coefficient for complex II/III was not different to that
found for complex II/III with myxothiazol (0.20 ± 0.03) or antimycin A (0.21 ± 0.05) in
Chapter 3 o f this report. Treatment with decylubiquinone appears to have altered the
control possessed by complex II/III and complex III because their flux control
coefficients were higher in the presence o f decylubiquinone (0.36 ± 0.06 and 0.34 ±
0.05, respectively). However, statistical analysis, using unpaired t-tests, reported that
these increases were not significant. Therefore, decylubiquinone did not significantly
affect the pattern o f control involving complex I/III, complex II/III or complex III over
synaptosomal oxygen consumption, when titrated out with myxothiazol.
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Figure 4.31: Possible schem atic explanation for the decylubiquinone-induced lower
flux control coefficient for com plex 1/111 during rotenone titration

The flux control coefficient for com plex I/III titrated w ith rotenone in the presence o f
decylubiquinone (DecQ) was 0.14 in contrast to that in the absence o f decylubiquinone
o f 0.30 and to those obtained with myxothiazol o f 0.32 (without decylubiquinone) and
0.33 (with decylubiquinone). A possible explanation o f this observation is that (a)
rotenone inhibits com plex I/IIl at com plex 1 but does not affect com plex II (activity,
thus decylubiquinone can increase the flux o f electrons from com plex II and from the
remaining active m olecules o f com plex I to com plex III, resulting in com plex I/IIl
possessing less control because electron flow is elevated, w hereas (b) myxothiazol
inhibits at com plex III so any decylubiquinone-induced increase in electron flux from
com plex I and com plex II will be inhibited at com plex 111. Abbreviations: UQ =
ubiquinone pool, I = com plex I, II = com plex II, III = com plex III, e' = electron.
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4.4.3 Inhibition thresholds

The inhibition thresholds provide inform ation on the level by which the activity o f a
complex can be inhibited before a detrim ental effect is seen on synaptosom al oxygen
consumption.

Complex

I can

be inhibited up to ~

10%

in the absence o f

decylubiquinone before an effect is seen on synaptosom al oxygen consum ption as was
found in this chapter and in Chapter 3 o f this report. As discussed in Chapter 3, this is a
low threshold showing that the activity o f com plex 1 is very im portant in maintaining
adequate synaptosom al oxygen consum ption. A low com plex I threshold o f ~ 15% was
also elucidated in the presence o f decylubiquinone. The com plex I inhibition threshold
appears to decrease m ore slowly in the presence o f decylubiquinone than in its absence
which suggests that decylubiquinone may have the ability to induce some protection o f
oxygen consum ption against damage to com plex I activity. Com plex I activity is
reduced by 30 - 40% in PD (Schapira et al. 1990, Parker et al. 2007). In the present
study, at 40%> inhibition o f com plex I activity, approxim ately 40% synaptosomal
oxygen consum ption rem ained in the absence o f decylubiquinone, in contrast to
approxim ately

70%>

in

the

presence

of

decylubiquinone,

suggesting

that

decylubiquinone could have a protective effect in this situation.

The com plex I/Ill inhibition threshold was determ ined in two ways, the first involved
titrating com plex I activity o f com plex I/III with rotenone and the other involved
titrating com plex III activity

o f com plex

I/III with myxothiazol. The

former

experiments showed that the com plex I/III threshold was ~ 10% in the absence o f
decylubiquinone and ~ 15% in the presence o f decylubiquinone. In contrast, the latter
experiments showed the threshold to be - 3 5 % in the absence o f decylubiquinone and 85%) in the presence o f decylubiquinone. The differences observed here may be
accounted for by the differing sites o f inhibition o f the toxins. Rotenone inhibits at
complex I, w hich may suggest that this form o f inhibition could provide thresholds for
complex I/III that more closely resem ble the com plex I thresholds, whereas inhibition
w ith m yxothiazol acts at com plex III w hich may lead to com plex I/III thresholds more
similarly resem bling com plex II/III and com plex III thresholds. W hen m yxothiazol was
used to inhibit com plex III, the com plex I/III, com plex II/III and com plex III thresholds
in the presence o f decylubiquinone were all higher than those w ithout decylubiquinone.
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This may be explained by the apparent protective effect o f decylubiquinone on
synaptosomal oxygen consum ption at higher concentrations (350 nM & 500 nM ) o f
myxothiazol. Therefore, higher levels o f com plex III inhibition were required to bring
about deleterious effects on synaptosomal oxygen consumption. However, it must be
noted that this apparent protective effect on the thresholds may only occur in situations
where myxothiazol is inhibiting com plex III and may not occur w ith other com plex III
inhibitors or in com plex III deficiency diseases.

Inhibition thresholds can be used to postulate the effects o f a drug on mitochondrial
function. From the results in this study, it appears that decylubiquinone may have more
advantageous effects in diseases involving com plex I and com plex II deficiencies than
further along the respiratory chain because decylubiquinone appeared to alter the
appearance o f the com plex I threshold so that synaptosom al oxygen consum ption did
not fall as rapidly as in the absence o f decylubiquinone and decylubiquinone appeared
to shift the com plex I/III threshold to the right slightly. Thus, decylubiquinone may
have beneficial effects in protecting oxygen consum ption at certain levels o f com plex I
inhibition, as in PD. In addition decylubiquinone appeared to increase the inhibition
threshold for com plex I/III, com plex II/III and com plex III, how ever this effect may
only be observed when com plex III is inhibited with m yxothiazol, perhaps not in
diseases that involve com plex III deficiencies.
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Chapter 5

The effects of decylubiquinone on ROS generation in rat brain
synaptosomes
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5.1 Introduction

The effects o f the ubiquinone analogue, decylubiquinone, on m itochondrial respiration,
respiratory chain com plex activities and bioenergetics in rat brain synaptosom es were
investigated in Chapter 4 o f this report. In order to obtain a clearer picture o f the
consequences

of

decylubiquinone

on

m itochondrial

function,

the

effects

of

decylubiquinone on hydrogen peroxide (H 2 O 2 ) production were exam ined in the current
chapter. Ubiquinone and the m ajority o f it analogues, including decylubiquinone, have
been widely heralded as useful antioxidants. The pre-treatm ent o f NT2 cells (human
tetracarcinom a cells) and SH-SY5Y cells (human neuroblastom a cells) with ubiquinone
reduced ROS production after treatm ent with H 2 O 2 (Som ayajulu et al. 2005). MitoQ
reduced oxidative dam age in rat liver mitochondria, with mitoquinol evident as the
active antioxidant agent (Kelso et al. 2001). The pre-treatm ent o f HL60 cells with
decylubiquinone blocked ROS production induced by increased H 2 O 2 and by GSH
depletion and prevented activation o f the PTP opening and cell death (A rm strong et al.
2003).

However, more recently, there have been reports that a num ber o f the ubiquinone
analogues may be pro-oxidant rather than antioxidant. Coenzym e Qe treatm ent induced
a significant tim e-dependent increase in H 2 O 2 levels in hum an HL60 cells (Fem andezA yala et al. 2005). Coenzym e Q 2 elevated ROS generation in hum an leukem ia BALL-1
cells, which was inhibited by the antioxidant, L-ascorbic acid (Esaka et al. 2005).
M enadione increased ROS levels in pancreatic acinar cells, which was alleviated by the
antioxidant N-acetyl-L-cysteine (Criddle et al. 2006). Decylubiquinone and idebenone
increased superoxide levels in bovine subm itochondrial particles (G enova et al. 2003).

5.1.1 Aims of the chapter

1) To determ ine w hether decylubiquinone has anti- or pro-oxidant abilities in rat brain
synaptosomes.

2) To investigate the effects o f decylubiquinone on ROS production in synaptosomes
incubated with m itochondrial inhibitors.
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5.2 Methods

5.2.1 Measurement of ROS production in synaptosomes

Rat brain synaptosom es were prepared as described in Section 2.8 and the protein
concentration was determined using the Bradford assay (see Section 2.9). The effect o f
increasing concentrations o f decylubiquinone (0 -

100 |j.M) on hydrogen peroxide

(H 2 O 2 ) production w as determined using the A m plex Red assay (see Section 2.14). The
A m plex Red assay measures the production o f H 2 O 2 , w hich is related to the production
o f superoxide radicals in the synaptosomal samples. The presence o f endogenous SO D
ensures that superoxide production is m etabolised to H 2 O 2 , which may be estimated
using A m plex Red and horseradish peroxidase.

Decylubiquinone (0 - 100 )aM) w as added to Krebs buffer in black 96-w ell plate,
follow ed by the addition o f synaptosom es (1 m g/m l). 50 |xM A m plex Red and 2.5 U/m l
o f horseradish peroxidase were added to initiate the assay. The relative fluorescence
units (RFU) o f the sam ples were m onitored in a Spectramax Gemini X S plate reader at
an excitation w avelength o f 550 nm and an em ission wavelength o f 580 nm at 37 °C. In
addition, the effects o f rotenone ( 0 - 1 0 ^iM), m yxothiazol (0 - 1 |xM) and antim ycin A
( 0 - 5 0 0 nM) titrations on H 2 O 2 generation were exam ined in the absence and presence
o f 50

decylubiquinone. This w as performed as above, with the exception that the

toxins o f interest were added before the addition o f the synaptosom es.

H 2 O 2 standard curves were generated with known concentrations o f H 2 O 2 in the absence
and presence o f 50 |j,M decylubiquinone (see Figure 2.3). The standard curves were
used to convert the RFU values into pm ol H 2 O 2 .
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5.3 Results

5.3.1 Effects of decylubiquinone on hydrogen peroxide production in rat
brain synaptosomes

Figure 5.1 show s a typical daily trace o f the levels o f H 2 O 2 (pm ol) form ed in rat brain
synaptosom es, w hen treated w ith a series o f concentrations o f decylubiquinone (0 - 100
|iM ). T he rates o f H 2 O 2 production for 5 - 2 0 m in and 60 - 90 m in from five individual
preparations w ere analysed and plotted (Figure 5.2 (a) and (b), respectively). 5 )o.M 100 |j.M decylubiquinone significantly increased the rates o f H 2 O 2 production over 5 20 m in incubation period (Figure 5.2(a)). The control 5 - 2 0

m in rate o f H 2 O 2

production Vk^as 1.95 ± 0.08 pm ol H202/min/^mg, com pared to 3.40 ± 0.06 pm ol
H 202/m in/m g in the 50 |o,M decylubiquinone-treated synaptosom al sam ples and to 3.63
± 0 . 1 3 pm ol H 2 0 2 /m in/m g in the 100 |aM decylubiquinone-treated sam ples.

A fter 60 m in incubation o f the synaptosom es w ith A m plex R ed, horseradish peroxidase
and decylubiquinone, H 2 O 2 production rates over 30 m in w ere analysed and plotted
(Figure 5.2(b)). D ecylubiquinone (1 p.M to 100 |iM ) significantly increased the rates o f
H 2 O 2 production in the 60 - 90 m in incubation period. T he control 60 - 90 m in rate o f
H 2 O 2 production w as 1.92 ± 0.07 pm ol H 202/m in/m g, in contrast to 4.83 ± 0 . 1 2 pm ol
H 202/m in/m g in the 50 jj.M decylubiquinone-treated sam ples and to 5.06 ± 0 . 1 0 pm ol
H 202/m in/m g in the 100 )J.M decylubiquinone-treated sam ples.
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Figure 5.1: Typical traces o f decylubiquinone increasing H 2 O 2 production in rat
brain synaptosom es

Synaptosom es (1 m g/m l) were incubated in Krebs buffer w ith a series o f concentrations
o f decylubiquinone (DecQ) (0 - 100 |aM) for 90 m in at 37 °C and were assayed for
H 2 O 2 production using the Am plex Red assay in a Spectramax Gemini XS plate reader.
The excitation w avelength w as 550 nm and the em ission w avelength was 580 nm. The
results from a typical trace w ere converted to pm ol H 2 O 2 using a H 2 O 2 standard curve
and were plotted.
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Figure 5.2: D ecylubiquinone increases the rate o f H 2 O 2 production in rat brain
synaptosom es

Synaptosomes (1 m g/m l) were incubated in Krebs buffer with a series o f concentrations
o f decylubiquinone (0 - 100 |i.M) for 90 min at 37 °C and were assayed for H 2 O 2
activity using the Amplex Red assay in a Spectram ax Gemini XS plate reader. The
excitation w avelength was 550 nm and the em ission w avelength was 580 nm. Vmax rates
were calculated (a) for 5 - 2 0 min rates and (b) for rates after 1-hr incubation (60 - 90
min). Experim ents were perform ed on five individual preparations and results were
expressed as m ean ± SEM (error bars). Statistical analysis was perform ed by one-way
ANOVA w ith post-hoc Bonferroni analysis using Prism. Samples significantly different
to the corresponding control are signified by * for p < 0.05, ** for p < 0.01 and *** for
p < 0.001.

152

***

a) 4 1
- i-

I

50

100

(pmol/min/mg)

***

3 -

**

-Ir

2

-

1

-

■t

0

0

1

5

10

S

[Decylubiquinone] (fiM)

5 -

HjOj (pmol/min/mg)

■

t

4 3

■i■i-

2

-

1

-

0
0

1

5

10

[Decyhibiquinone] (fiM)

153

50

100

5.3.2 Effects of decylubiquinone on hydrogen peroxide production in rat
brain synaptosomes during rotenone titration

The effects o f 50 )iM decylubiquinone on H 2 O 2 generation during inhibition o f
m itochondrial function was investigated further. Typical daily traces are representative
o f the H 2 O 2 levels (pm ol) in a rotenone titration o f the synaptosomal samples in the
absence (Figure 5.3(a)) and presence (Figure 5.3(b)) o f 50 |j,M decylubiquinone. The
Vmax rates w ere calculated for 5 - 2 0

min incubation period from four individual

preparations and were plotted in Figure 5.4. Likewise, the Vmax rates were calculated for
60 - 90 m in incubation period from four individual preparations and were plotted in
Figure 5.5. In the absence o f decylubiquinone, rotenone, above 10 nM, induced
increased levels o f H 2 O 2 production when com pared to the control. The p values were <
0.05 for 10 nM and 50 nM , < 0.001 for 100 nM and 1 (xM and < 0.01 for 10 ^M . In the
presence o f 50 p.M decylubiquinone, rotenone (50 nM and above) significantly
increased the 5 - 2 0 min rate o f H 2 O 2 com pared to the control that had been treated with
decylubiquinone, w ith p values o f < 0.01 for 50 nM , < 0.05 for 100 nM and < 0.001 for
1 |o.M and 10 )j.M. After 1-hour incubation, rotenone concentrations above 10 nM
significantly increased the generation o f H 2 O 2 in the absence o f decylubiquinone with p
values o f < 0.05 for 10 nM rotenone and 0.001 for the higher concentrations o f
rotenone. In the presence o f 50 |o,M decylubiquinone, after 1-hour incubation, 10 nM
rotenone and the higher concentrations significantly elevated the rates o f H 2 O 2
com pared to the corresponding control in the presence o f decylubiquinone w ith p values
o f < 0.05 for 10 nM rotenone and 0.001 for the higher concentrations o f rotenone.

50 [J.M decylubiquinone increased the rates o f H 2 O 2 production in all o f the samples o f
the

rotenone

titration

including

the

control

samples

when

com pared

to

the

corresponding samples that had not been treated w ith decylubiquinone. The control 5 20 m in V„,ax rates o f H 2 O 2 production were 1.76 ± 0.04 pmol H202/min/mg, in the
absence o f 50 |j.M decylubiquinone and 2.4 ± 0.06 pmol H202/min/mg in the presence
o f 50 p,M decylubiquinone (p < 0.001). The 5 - 2 0 min rates o f H 2 O 2 production in the
10 |o,M rotenone-treated sam ples were 2.03 ± 0.06 pm ol H202/min/mg, in the absence o f
50 [J.M decylubiquinone and 2.94 ± 0 . 1 0 pmol H202/min/mg in the presence o f 50 )j.M
decylubiquinone (p < 0.001) (Figure 5.4).
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In addition the rates were determ ined after 60 m in exposure o f the synaptosom es to
decylubiquinone and rotenone (from 60 - 90 m in) (Figure 5.5). All o f the samples that
had been treated with 50 |aM decylubiquinone had significantly higher rates o f H 2 O 2
than those that had not been treated with decylubiquinone (p < 0.001). The control 60 90 min rate o f H 2 O 2 production was 1.95 ± 0.06 pm ol H202/min/mg, com pared to 3.30
± 0 .1 0 pmol H202/min/mg in the 50 |j,M decylubiquinone control samples (p < 0.001).
The 60 - 90 min rates o f H 2 O 2 production in the 10 |j.M rotenone-treated samples were
3.27 ± 0.09 pmol H202/min/mg, in the absence o f 50 |iM decylubiquinone and 9.07 ±
0.34 pmol H202/min/mg in the presence o f 50 |iM decylubiquinone (p < 0.001).
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Figure 5.3: Typical traces o f decylubiquinone increasing H 2 O 2 production in rat
brain synaptosom es during rotenone titrations

Synaptosom es (1 m g/m l) were incubated in Krebs buffer w ith a series o f concentrations
o f rotenone (Rot) ( 0 - 1 0 fiM) at 37 °C in the (a) absence and (b) presence o f 50 [o.M
decylubiquinone for 90 min and were assayed for H 2 O 2 activity using the Am plex Red
assay in a Spectram ax Gemini XS plate reader. The excitation w avelength was 550 nm
and the em ission w avelength was 580 nm. The results from typical traces were
converted to pmol H 2 O 2 and plotted.
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Figure 5.4: D ecylubiquinone increases 5 - 2 0 min rates o f H 2 O 2 production in rat
brain synaptosom es during com plex I inhibition

Synaptosomes (1 mg/ml) were incubated in K rebs buffer with a series o f concentrations
o f rotenone ( 0 - 1 0 fxM) in the absence (blue columns) and presence (red columns) o f
50 |xM decylubiquinone (DecQ) at 37 °C and w ere assayed for H 2 O 2 activity using the
Amplex Red assay in a Spectramax Gemini XS plate reader. The excitation wavelength
was 550 nm and the em ission w avelength w as 580 nm. Vmax rates were calculated for 5
- 20 min. Experim ents were perform ed on four individual preparations and results were
expressed as m ean ± SEM (error bars). Statistical analysis was perform ed by one-way
ANOVA with post-hoc Bonferroni analysis using Prism. Significant differences
between the rotenone-treated samples and the corresponding control are signified by §
for p < 0.05, ^ for p < 0.01 and t for p < 0.001. Statistical significance is signified by *
for p < 0.05, ** for p < 0.01 and *** for p < 0.001, when com paring samples in the
presence o f decylubiquinone to those in the absence o f decylubiquinone.
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Figure 5.5: Tim e-dependent increase in H 2 O 2 production by decylubiquinone in
rat brain synaptosom es during com plex I inliibition

Synaptosomes (1 m g/m l) were incubated for 90 min with a series o f concentrations o f
rotenone ( 0 - 1 0 ^iM) in Krebs buffer in the absence (blue columns) and presence (red
columns) o f 50 ^iM decylubiquinone (DecQ) at 37 °C and were assayed for H 2 O 2
activity using the A m plex Red assay in a Spectram ax Gemini XS plate reader. The
excitation w avelength w as 550 nm and the em ission w avelength was 580 nm. Vmax rates
were calculated after 1 hr incubation (60 - 90 min) in the plate reader. Experim ents
were perform ed on four individual preparations and results were expressed as mean o f
rates ± SEM (error bars). Statistical analysis was perform ed by one-way ANOVA with
post-hoc Bonferroni analysis using Prism. Significant differences between the rotenonetreated samples and the corresponding control are signified by § for p < 0.05 and t for p
< 0.001. Statistical significance is signified by *** for p < 0.001, w hen com paring
samples in the presence o f decylubiquinone to those in the absence o f decylubiquinone.
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5.3.3 Effects of decylubiquinone on hydrogen peroxide production in rat
brain synaptosomes during myxothiazol titration

A typical daily trace o f m yxothiazol titration o f H 2 O 2 p roduction in the absence o f
decylubiquinone is show n in Figure 5.6(a) and in the presence o f decylubiquinone is
show n in Figure 5.6(b). T he 5 - 2 0 m in rates o f H 2 O 2 p roduction are show n in Figure
5.7 and the 60 -

90 m in rates are show n in Figure 5.8. In the absence o f any

decylubiquinone, the tw o highest concentrations o f m yxothiazol used, 500 nM and 1
|j.M, induced significantly higher 5 - 2 0 m in rates o f H 2 O 2 p roduction w h en com pared
to the control (p < 0.01), w hereas in the presence o f decylubiquinone, none o f rates for
the rotenone-treated sam ples w ere significantly different to the control.

In the absence o f decylubiquinone, the 300 nM , 400 nM and 500 nM m yxothiazoltreated sam ples had significantly faster 60 - 90 m in H 2 O 2 production rates w hen
com pared to the control in the absence o f decylubiquinone (p < 0.05). In the presence o f
decylubiquinone, the sam ples treated w ith concentrations including and h igher th an 300
nM m yxothiazol w ere significantly higher than the control (p < 0.001).

50 )o,M decylubiquinone significantly increased the 5 - 2 0 m in rates o f H 2 O 2 production
in the control and in all o f the m yxothiazol-treated sam ples w ith p < 0.001 v alues for
200 nM , 400 nM and 1000 nM sam ples w hen com pared to those sam ples that had not
been treated w ith decylubiquinone. T he control 5 - 2 0 m in rates o f H 2 O 2 production
w ere 1.69 ± 0.06 pm ol H 202/m in/m g, in the absence o f 50 }xM d ecy lubiquinone and
2.26 ± 0 . 1 2 pm ol H 202/m in/m g in the presence o f 50 |aM decylubiquinone (p < 0.05).
The 5 - 2 0 m in rates o f H 2 O 2 p roduction in 1 |j,M m yxothiazol-treated sam ples w ere
1.98 ± 0.03 pm ol H 202/m in/m g, in the absence o f 50 ia.M decylubiquinone and 3.10 ±
0.30 pm ol H 202/m in/m g in the presence o f 50 |aM decylubiquinone (p < 0.001).

Sim ilarly, 50 )o,M decylubiquinone significantly increased H 2 O 2 production levels in the
60 - 90 m in rates in all o f the sam ples (p < 0.001) w ith low er p values for 0 - 1 5 0 nM ,
300 nM and 500 nM sam ples than in the 5 - 2 0 m in rates (Figure 5.8). T he control 60 90 m in rate w as 1.90 ± 0.07 pm ol H 202/m in/m g in the absence o f d ecy lubiquinone and
3.46 ± 0.17 pm ol H 202/m in/m g in the presence o f 50 )o,M decylubiquinone (p < 0.001).
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The 60 - 90 min rate o f H 2 O 2 production in the 1 |xM m yxothiazol-treated sample was
2.14 ± 0.09 pmol H202/min/mg, in the absence o f 50 /iM decylubiquinone and 4.89 ±
0.29 pmol H202/min/mg in the presence o f 50 )xM decylubiquinone (p < 0.001).
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Figure 5.6: Typical traces o f decylubiquinone increasing H 2 O 2 production in rat
brain synaptosom es during m yxothiazol titrations

Synaptosomes (1 m g/m l) were incubated in Krebs buffer with a series o f concentrations
o f myxothiazol (M yx) (0 - 1 fxM) in the (a) absence and (b) presence o f 50 |aM
decylubiquinone at 37 °C for 90 min and were assayed for H 2 O 2 activity using the
A m plex Red assay in a Spectramax Gemini XS plate reader. The excitation wavelength
was 550 nm and the em ission w avelength was 580 nm. The results from typical traces
were converted to pmol H 2 O 2 and plotted.
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Figure 5.7: D ecylubiquinone increases 5 - 2 0 min rates o f H 2 O 2 production in rat
brain synaptosom es during inhibition o f Qp site in com plex III

Synaptosomes (1 mg/ml) were incubated with a series o f concentrations o f m yxothiazol
(0 - 1 fxM) in Krebs buffer at 37° C in the absence (blue colum ns) and presence (red
columns) o f 50 jiM decylubiquinone (DecQ) and were assayed for H 2 O 2 activity using
the Am plex Red assay in a Spectram ax Gemini XS plate reader. The excitation
wavelength w as 550 nm and the em ission w avelength was 580 nm. Vmax rates were
calculated for the 5 - 2 0 m in rates. Experim ents were perform ed on three individual
preparations and results were expressed as mean ± SEM (error bars). Statistical analysis
was perform ed by one-w ay A N O V A w ith post-hoc Bonferroni analysis using Prism.
Significant differences between the sample and the control in the absence o f
decylubiquinone are signified by § for p < 0.05, 7 ^: for p < 0.01 and t for p < 0.001.
Statistical significance is signified by * for p < 0.05, ** for p < 0.01 and *** for p <
.

0 0 0 1

, when com paring sam ples in the absence o f decylubiquinone to those in the

presence o f decylubiquinone.
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Figure 5.8: T im e-dependent increase in H 2 O 2 production by decylubiquinone in
rat brain synaptosom es during inhibition o f the Qp site in com plex III

Synaptosomes (1 mg/ml) were incubated for 90 min in Krebs buffer w ith a series o f
concentrations o f m yxothiazol (0 - 1 ^iM) at 37 °C in the absence (blue columns) and
presence (red columns) o f 50 [o.M decylubiquinone (DecQ) and were assayed for H 2 O 2
activity using the Amplex Red assay in a Spectram ax Gemini XS plate reader. The
excitation wavelength was 550 nm and the em ission w avelength was 580 nm. Vmax rates
were calculated after 1 h incubation (60 - 90 min) in the plate reader. Experim ents were
performed on four individual preparations and results were expressed as mean o f rates ±
SEM (error bars). Statistical analysis was perform ed by one-way A N O V A with posthoc Bonferroni analysis using Prism. Significant differences between the sample and
the corresponding control are signified by § for p < 0.05 and t for p < 0.001. Statisfical
significance is signified by *** for p < 0.001, when com paring sam ples in the presence
o f decylubiquinone to those in the absence o f decylubiquinone.
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5.3,4 Effects of decylubiquinone on hydrogen peroxide production in rat
brain synaptosomes during antimycin A titration

Figure 5.9(a) & Figure 5.9(b) show typical traces o f H 2 O 2 production titrated with
antim ycin A in the absence and presence o f 50 |j.M decylubiquinone. The 5 - 2 0 min
Vmax rates w ere determ ined for sam ples from three individual preparations and were
plotted in Figure 5.10. The Vmax rates could not be calculated for 60 - 90 min because
the concentrations o f H 2 O 2 in the samples treated w ith higher concentrations o f
antim ycin A, in the presence o f decylubiquinone, were too high to be determ ined
accurately. In the absence o f decylubiquinone, concentrations above and including 40
nM antim ycin A significantly

increased the production o f H 2 O 2 in rat brain

synaptosom es (p < 0.001). In the presence o f 50 |iM decylubiquinone, concentrations o f
antim ycin A above and including 30 nM significantly elevated H 2 O 2 generation in rat
brain synaptosom es when com pared to the control in the presence o f 50 [j,M
decylubiquinone (p < 0.001).

It appears from the typical traces that there were considerably different patterns o f H 2 O 2
production in rat brain synaptosom es titrated in the absence and presence o f 50 |iM
decylubiquinone. The 5 - 2 0 min rate o f the control in the absence o f decylubiquinone
was 1.51 ± 0.11 pmol H202/min/mg and the rate in the presence o f 50 )iM
decylubiquinone was 2.23 ± 0 .1 4 pmol H202/min/mg (p < 0.05). The 5 - 2 0 min rate o f
the 500 nM antim ycin A -treated samples was 3.43 ± 0.22 pmol H202/min/mg, in the
absence o f 50 )j.M decylubiquinone and it was substantially higher at 33.32 ± 1.08 pmol
H202/min/mg in the presence o f 50 |j.M decylubiquinone (p < 0.001).
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Figure 5.9: Typical traces o f decylubiquinone increasing H 2 O 2 production in rat
brain synaptosom es during antim ycin A titrations

Synaptosomes (1 mg/ml) were incubated with a series o f concentrations o f antim ycin A
(AA) (0 - 500 nM ) in the (a) absence and (b) presence o f 50 jxM decylubiquinone and
were assayed for H 2 O 2 activity using the A m plex Red assay in a Spectram ax Gemini
XS plate reader. The excitation w avelength was 550 nm and the em ission wavelength
was 580 nm. The results from typical traces were converted to pmol H 2 O 2 and plotted.
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Figure 5,10; D ecylubiquinone increases 5 - 2 0 min rates o f H 2 O 2 production in rat
brain synaptosom es during inhibition o f Q„ site in com plex III

Synaptosomes (1 m g/m l) were incubated with a series o f concentrations o f antim ycin A
(0 - 500 nM ) in the absence (blue columns) and presence (red colum ns) o f 50 ^xM
decylubiquinone (DecQ ) and were assayed for H 2 O 2 activity using the Am plex Red
assay in a Spectram ax Gem ini XS plate reader. The excitation w avelength was 550 nm
and the em ission w avelength was 580 nm. Experim ents were perform ed on three
individual preparations and results were expressed as mean o f Vmax rates ± SEM (error
bars). At points w here no error bar is shown, the SEM was w ithin the size o f the
symbol. Statistical analysis was perform ed by one-way A NO V A with post-hoc
Bonferroni analysis using Prism. Significant differences between the sample and the
corresponding control are signified by § for p < 0.05, 7 ^ for p < 0.01 and t for p < 0.001.
Statistical significance is signified by * for p < 0.05, ** for p < 0.01 and *** for p <
.

0 0 0 1

, w hen com paring sam ples in the presence o f decylubiquinone to those in the

absence o f decylubiquinone.
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5.3.5 Effects of highest concentrations of rotenone, myxothiazol and
antimycin A used on hydrogen peroxide production in synaptosomes

Selected results, already described in this section, were re-plotted in Figure 5.11 to
compare H 2 O 2 production levels in the highest concentrations o f each the toxins used, in
the

absence

and

presence

of

50

|j.M

decylubiquinone.

In

the

absence

of

decylubiquinone, the rate o f H 2 O 2 generation was significantly higher in 500 nM
antimycin A-treated synaptosom es (3.43 ± 0.22 pmol H202/min/mg) than in 10 |o,M
rotenone-treated synaptosom es (2.04 ± 0.06 pmol H202/min/mg) and in 1 p.M
m yxothiazol-treated synaptosom es (1.85 ± 0.07 pm ol H202/min/mg) with p values o f <
0 . 001 .

The treatm ent o f the synaptosomes with 50 jj.M decylubiquinone in addition to the
toxins, showed a substantially faster rate o f H 2 O 2 in the antim ycin A-treated
synaptosomes than those treated with rotenone or m yxothiazol. The rate o f H 2 O 2
generation in the presence o f 50 |j.M decylubiquinone in 10 jiM rotenone-treated
synaptosomes was 2.94 ± 0.10 pmol H202/min/mg, in 1

m yxothiazol-treated

synaptosomes was 3.10 ± 0.30 pmol H202/min/mg and in 500 nM antim ycin A-treated
synaptosomes was 33.32 ± 1.08 pmol H202/min/mg. The rate o f H 2 O 2 production in the
antimycin A-treated sam ples was significantly higher than the rates in the rotenone- or
m yxothiazol-treated samples (p < 0.001).

It is evident from this graph that antim ycin A in conjunction with 50 |aM
decylubiquinone induced the highest rate o f H 2 O 2 production in rat brain synaptosomes.
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Figure 5.11: A ntim ycin A induces significantly higher rates o f H 2 O 2 production
than rotenone or m yxothiazol in rat brain synaptosom es

Selected results from Figure 5.5, Figure 5.7 and Figure 5.10 were re-plotted to com pare
the H 2 O 2 production from the sam ples treated w ith the highest concentrations o f
rotenone (10 |xM), m yxothiazol (1 |j.M) and antim ycin A (500 nM ) in the (a) absence
and (b) presence o f 50 |o.M decylubiquinone (DecQ). Experim ents were perform ed on at
least three individual preparations and results were expressed as mean o f Vmax rates for
5 - 2 0 min ± SEM (error bars). A t points where no error bar is shown, the SEM was
w ithin the size o f the line. Statistical significance is signified by *** for p < 0.001.
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5.4 Discussion

The majority of the early investigations on ROS production and oxidative stress were
carried out using isolated mitochondrial preparations. However, isolated mitochondria
produce ROS by alternative mechanisms depending on the substrate by which they are
fuelled, with mitochondria, respiring on succinate, producing higher levels o f ROS than
those respiring on NADH-linked substrates such as glutamate/malate (Cadenas et al.
1977, Turrens et a l 1985, Liu et al. 2002). This discrepancy between mitochondria
respiring on NADH-linked substrates and FADH 2 -linked substrates can be avoided by
using

synaptosomes, as in the present

study.

Synaptosomes contain

in situ

mitochondria, in which respiration is supported by electrons from both NADH and
succinate, which are generated endogenously from glucose (Scott & Nicholls 1980). In
synaptosomes, complex I is a site o f ROS generation but there is most likely an
additional site downstream of complex I, probably ubiquinone because it provides
electrons for O 2 even when complex I is inhibited (Sipos et al. 2003b).

In this report, concentrations above 10 nM rotenone, 500 nM myxothiazol and 40 nM
antimycin A induced significant increases in the formation o f H 2 O 2 in rat brain
synaptosomes. The H 2 O2 production is reflective o f the superoxide production at
mitochondrial sites, which is converted to H 2 O 2 by SOD. H 2 O 2 can be converted to the
hydroxyl radical and hydroxyl anion by Fenton chemistry (see Equation 5.1).

TT 0
I I 2U 2

1 17
1 1C

^
^

r c

i OTT"
i U ll

1 rMT*
1 U ll

Equation 5.1: Fenton equation

500 nM antimycin A induced substantially higher rates o f H2 O 2 than the highest
concentrations of rotenone or myxothiazol. Antimycin A is a potent inducer o f ROS
(Boveris & Chance 1973, Turrens 1997, Lambert & Brand 2004). Antimycin A inhibits
complex 111 later in the Q cycle than myxothiazol, with antimycin A binding near bt at
the Qn site and myxothiazol binding at the Qp site (see Figure 5.12). Because o f its
action later in the Q cycle, antimycin A facilitates the formation o f ubisemiquinone at
the Qp site. Ubisemiquinone generates superoxide radicals by transferring electrons to
O 2 (Boveris e/a/. 1976, Cadenas e/a/. 1977, Turrens e/a/. 1985).
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Figure 5.12: The Q cycle of complex III

The Q cycle facilitates the transfer o f electrons in complex III from ubiquinol (UQH 2 )
to cytochrome c. This occurs in two phases. The first involves the oxidation of
ubiquinol to ubisemiquinone (UQ') at the Qp site, releasing one electron to the ironsulphur centre (FeS) (which is passed on to cytochrome c) and subsequently, the UQ' is
oxidised to UQ, releasing another electron to the Qn site where it reduces UQ.
Concomitantly, two protons are released from the matrix into the intermembrane space.
The second step involves the oxidation o f a second molecule o f UQH 2 at the Qp site
releasing two additional electrons, one to cytochrome c and the other to the Q„ site,
where it reduces UQ' to UQH 2 , with the concomitant release o f two protons through the
membrane into the intermembrane space.
Picture

adapted

from

<http://web.virginia.edu/Heidi/chapter21/Images/21_12.jpg>

(20/10/08).
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Com plex I must be inhibited by ~ 16% before increased generation o f ROS is observed
(Sipos et al. 2003a). Com plex I inhibition by rotenone was determ ined twice in this
report. In Chapter 3, 10 nM rotenone decreased com plex I by ~ 24.5% and in this
chapter 10 nM rotenone induced ~ 22% com plex I inhibition, in the absence o f
decylubiquinone. In this study, 10 nM rotenone was the lowest o f the rotenone
concentrations used that induced significantly increased levels o f H 2 O 2 production (p <
0.05). Therefore, 22 - 24.5% decrease in com plex I activity resulted in increased H 2 O 2
generation, which is sim ilar to the observations o f Sipos et al (2003a). In contrast to
com plex I, com plex III must be inhibited by - 70% before the levels o f ROS generation
will increase (Sipos et al. 2003a). In this study, 500 nM m yxothiazol inhibited complex
III by - 69% and 500 nM myxothiazol was the lowest o f the concentrations used that
induced significantly increased H 2 O 2 levels when com pared to the control, which again
correlates with the results o f Sipos et al (2003a). However, Sipos et al (2003a)
perform ed com plex III inhibition threshold using antim ycin A to inhibit com plex III. As
described above, antim ycin A has a greater propensity to generate ROS than
myxothiazol. In this case, the increased H 2 O 2 induced by myxothiazol may be as a
result o f a slight increase in production o f ROS at com plex I because com plex III is
very significantly inhibited. The inhibition o f com plex III could lead to backing up o f
electrons in the electron transport chain, which can be put on O 2 generating superoxide
radicals.

Increased ROS and oxidative stress can be deleterious to the correct activity o f the
m itochondria, which in turn may lead to detrim ental effects on cellular function.
Oxidative stress can result in decreased activities o f certain electron transport chain
com plexes (Zhang et al. 1990, Cardoso et al. 1999). The respiratory chain com plexes
can be dam aged to varying degrees by hydroxyl radicals and superoxide radicals and to
a lesser extent by H 2 O 2 (Zhang et al. 1990). H 2 O 2 can bring about oxidative dam age
through Fenton chem istry by reacting with Fe^"^ or Cu^ to generate O H ', a highly
reactive oxidant (Droge 2002). Com plexes II, III and V activities were reduced in rat
cortex synaptosomes after induction o f oxidative stress by treatm ent with ascorbate and
iron (Cardoso et al. 1999). All deficiencies were alleviated by the pre-incubation o f the
samples

with

glutathione,

showing

that

the

dam age

was

oxidatively-induced.

Furtherm ore, evidence o f oxidative stress-induced dam age can be seen by the reduced
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level o f membrane integrity in rat cortex synaptosom es that had been peroxidised
(Cardoso et al. 1999). Chinopoulous et al (1999) suggest a sequence o f events that may
be involved in mitochondrial functional changes when there is an increase o f H 2 O 2
levels. Initially, there may be a gradual depolarisation o f Axpm, follow ed by increased
levels o f intracellular Na^ and com prom ised ability o f mitochondria to sequester Ca^^,
along with decreased ATP production, which altogether may ultimately result in a
reduced bioenergetic capacity o f the mitochondria and com prom ised cellular function.
Severe oxidative stress can induce detrimental effects to the cell by opening the PTP to
initiate apoptosis. Som e reports show that H 2 O 2 can cause apoptosis in cortical neuron
preparations (Friberg & W ieloch 2002, Whittemore et al. 1994). H ow ever, there is
conflicting information on this topic. In contrast other studies have reported that H 2 O 2 is
not linked with the initiation o f apoptosis (H oyt et al 1997).

Num erous reports have demonstrated that ubiquinone, its analogues and M itoQ
(mitochondrially-targetted

ubiquinone)

have

antioxidant

effects

in

isolated

mitochondria and cell culture system s (Som ayajulu et al. 2005, K elso et al. 2001,
Armstrong et al. 2003). Ubiquinone is thought to im pose its antioxidant abilities in its
reduced form by acting directly on superoxide radicals, indirectly on lipid radicals and
by facilitating the reduction o f a-tocopheroxyl radicals to antioxidant, a-tocopherol
(Vitam in E) (Ernster et al. 1992, Em ster & Dallner 1995, Constantinescu et al. 1994).
H owever, the antioxidant ability o f a number o f ubiquinone analogues, such as
decylubiquinone, has been brought into question in recent times.

The results in the current chapter support decylubiquinone as a pro-oxidant rather than
an antioxidant. Decylubiquinone alone significantly increased H 2 O 2 levels in rat brain
synaptosom es.

After

60

m in

incubation,

even

the

low est

concentration

of

decylubiquinone used (1 fxM) significantly increased the rate o f H 2 O 2 formation. This
correlates

with

the

results

of

G enova

et

al

(2003)

who

demonstrated

that

decylubiquinone elevated superoxide levels in bovine submitochondrial particles.
Additionally, in the present study, the presence o f decylubiquinone enhanced the
production

of

mitochondrial

H 2O2
toxins,

when
such

synaptosom al
as

rotenone,

mitochondria
m yxothiazol

were

and

damaged

antim ycin

A.

with
The

mitochondrial toxins inhibit specific com plexes in the electron transport chain, blocking
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the flow o f electrons in the chain, which can result in the release o f electrons onto O 2
generating superoxide radicals. W hen synaptosom es were treated with 50 [xM
decylubiquinone in com bination with the toxins, the level o f H 2 O 2 increased even
higher than in the presence o f the toxins alone. Thus, it appears that decylubiquinone
can act as a pro-oxidant in this situation by am plifying the increased H 2 O 2 formation.
These results are in line with those obtained by Genova et al (2003) who dem onstrated
that decylubiquinone, in conjunction with rotenone, increased superoxide formation
even more than decylubiquinone alone and that decylubiquinone, rotenone, myxothiazol
and rollinastatin-2 together elevated superoxide generation to an even higher level again
in bovine subm itochondrial particles.

It is unclear at present w here exactly the decylubiquinone-induced increased ROS
generation occurs. However, some groups have made suggestions to answer this
question. Johnson et al (2003) surmised from their experim ents that the location o f ROS
production by decylubiquinone was after the point o f inhibition o f com plex 1 by
Piericidin A but before the Qp site in com plex 111. Piericidin A has two binding sites on
com plex I and is a ubiquinone antagonist (Degli Esposti 1998). Genova et al (2003)
proposed the N2 iron-sulphur cluster in com plex 1 as the site at which decylubiquinone
(and other short-chain ubiquinone analogues) may release electrons to generate
superoxide radicals (see Figure 5.13). As described in Chapter 4 o f this report,
decylubiquinone has a short side chain and therefore it is likely that its localisation and
orientation in the m em brane are not the same as endogenous ubiquinone. This may
make decylubiquinone more available to donate electrons to O 2 , especially in its
reduced or part-reduced forms.

A ntim ycin A, in conjunction w ith decylubiquinone, induced the highest levels o f H 2 O 2
production in this study. As discussed earlier, antim ycin A may have the ability to
increase the levels o f ubisem iquinone because it blocks later in the Q cycle. Therefore,
the presence o f decylubiquinone may increase the levels o f ubisem iquinone even higher
by increasing the availability o f ubiquinone (in the form o f decylubiquinone), which is
then reduced to ubisem iquinone at Qp but cannot go any further because o f antimycin A
inhibition. U bisem iquinone will then transfer electrons to O 2 generating superoxide
radicals. This will not occur to as great an extent w ith m yxothiazol because it inhibits at
any earlier site in the Q cycle.
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Figure 5.13: Site o f proposed superoxide production by decylubiquinone in
com plex I

Proposed model o f electron transfer and site o f superoxide production by com plex 1.
Electrons are transferred through com plex I from the oxidation o f N AD H to the N2 FeS centre. From there they are transferred to pool ubiquinone (centre A) and to bound
ubiquinone (centre B) generating ubiquinol. Ubiquinol m oves to centre C, where it is
released to the pool. This model proposes that decylubiquinone (DB) produces
increased superoxide at the Fe-S cluster N 2 in com plex I, at the same point as coenzym e
Qi, coenzym e Q 2 and idebenone. Picture taken from Genova et al. (2003).
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All exogenous ubiquinone analogues (in the form o f ubiquinol) have the propensity to
autoxidise and generate superoxide radicals in aqueous solution (Janies et al. 2005,
Landi et al. 1979, Lenaz et al. 1975). Because o f this it could be assumed that
decylubiquinol, could be autoxidising to form superoxide radicals. However, Jam es et
al (2005) showed that decylubiquinone autoxidises to a lesser extent than coenzym e Q 2
or idebenone because it has a higher level o f hydrophobicity, which is a determ inant o f
the degree o f ubiquinol autoxidation that occurs. The more the ubiquinone analogue can
insert into the membrane, the less autoxidation occurs with the reduced form.
Autoxidation will not occur when the quinone head group is inserted into the
membrane. In addition, Benit et al (2008) showed that decylubiquinol is quite stable
and does not autoxidise and thus they surmise that decylubiquinol is m ost likely not a
source o f superoxide radicals. Therefore, it appears m ore likely that decylubiquinone
increases H 2 O 2 levels in rat brain synaptosom es by increasing the generation o f
superoxide radicals at com plex I and ubisem iquinone at com plex III, rather than by
autoxidation.

To summarise the results from this chapter, decylubiquinone increased H 2 O 2 production
in rat brain synaptosomes. Increased ROS can be dam aging to cellular function.
Therefore, this should be taken into account when considering decylubiquinone as a
neurotherapeutic agent
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Chapter 6
The effects of p-amyioid on mitochondrial function in rat brain
synaptosomes
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6.1 Introduction

Mitochondrial dysfunction, in the form o f deficiencies o f certain mitochondrial
enzym es (com plex IV, PDH, aK G D H and ICDH) and increased oxidative stress, has
been reported in the A D brain. |3-amyloid, the main constituent o f the senile plaques,
found in the Alzheim er brain post-mortem, has been implicated in mitochondrial
dysfunction. There are a number o f reports o f (3-amyloid decreasing the activity o f the
electron transport chain component, com plex IV. |3-amyloid25-35 decreased com plex IV
activity by 37% in isolated rat brain mitochondria and P-am yloid 2 s-35 ( 80 jiM) caused ~
60% inhibition o f com plex IV in rat liver mitochondria (Canevari et al. 1999, Parks et
al. 2001). (3-amyloidi.42 inhibited com plex IV in human leukocyte m itochondria but
only in the presence o f copper ions and after the specific ageing o f the (3-amyloidi.42
solutions (Crouch et al. 2005). Additionally, (3-amyloid25-35 (60 )o.M) and |3-amyloidi.42
(20 |iM ) reduced the activities o f com plex I and com plex III, along with com plex IV, in
isolated rat brain mitochondria, show ing more widespread inhibition o f the electron
transport chain com plexes than in other reports (Aleardi et al. 2005). Furthermore, the
activities o f additional mitochondrial enzym es, aK G D H and PDH, were decreased in a
dose-dependent manner by |3-amyloid25-35 in isolated rat brain mitochondria (C asley et
al. 2002).

Further im plication o f |3-amyloid in mitochondrial dysfunction is evident from its
involvem ent in oxidative stress and damage. Num erous studies have shown that (3am yloidi -40 and P-am yloidi .4 2 induced neurotoxic effects in cell cultures and that
antioxidants provided protection against ROS generation (H ensley et al. 1994, Le et al.
1995, Lauderback et al. 2002). |3-amyloid25-35 (10 |iM ) induced increased accumulation
o f ROS in rat cultured cortical and hippocampal neurons, w hich was relieved by the
addition o f the antioxidant, vitamin E (Ueda et al. 1997). |3-amyloid25-35 (50 p-M)
increased the generation o f ROS and am plified lipid peroxidation in rat brain nonsynaptic mitochondria (Zhang et al. 2006). H 2 O 2 production was elevated in vivo and in
vitro in neocortical non-synaptic mitochondria in rats that had been infused with |3am yloid 2 5-35 and (3-amyloidi.4o for 1 - 1 4 days (Kam insky & K osenko 2008). This group
analysed the effects o f (3-amyloid on the activities o f enzym es involved in H 2 O 2
formation and clearance and recorded increased activities o f the H 2 0 2 -forming
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enzym es, m anganese-SO D (in mitochondria), xanthine oxidase (in cytosol) and Cu,ZnSOD (in mitochondrial intermembrane space and cytosol), hi contrast, the activilies o f
the H 2

0 2

-clearing enzym es, catalase and glutathione peroxidase, were reduced. The

level o f reduced glutathione (GSH ) and in particular, the ratio o f reduced GSH to
oxidised glutathione (G SSG ), can be used as an indicator for oxidative stress. (5am yloid 2 5 - 3 5 and (3-amyloid].42 both induced depletion o f GSH in both rat astrocytic and
neuronal cultures (Abram ov et al. 2003). Functional mitochondria were essential in
human tetracarcinoma cells to generate oxidative stress, in the form o f increased ROS
levels and reduced GSH levels, in response to damage by |3-amyloid25-35 (M orais
Cardoso et al. 2002). Both |3-amyloid25-35 and |3 -am yloidi. 4 o induced concentrationdependent increases in ROS production in P C -12 cells, w hich were alleviated by the
antioxidants, vitam in E and idebenone (a ubiquinone analogue) (Pereira et al. 1999).

A s previously described in Chapter 1, |3-amyloid exists in many forms from m onom ers,
to dimers, trimers and other low m olecular w eight oligom ers, to higher m olecular
weight oligom ers, to membrane bound forms to fibrils and fibrillar aggregate forms
(Figure 6.1). At present, questions surround the identity o f the toxic form o f (3-amyloid
in A D . Suggestions have been made that soluble oligom eric |3-amyloid is the pathogenic
form, rather than the insoluble fibrillar |3-amyloid that is found in senile plaques
(Hartley et al. 1999, W alsh et al. 2002, Hardy & Selkoe 2002). This is supported by
numerous lines o f evidence. The levels o f soluble oligom eric |3-amyloid appear to
correlate better with the severity o f impairment o f cognition in A D than with the density
and quantity o f senile plaques (Lue et al. 1999, Naslund et al. 2000, M cLean et al.
1999). L ow m olecular w eight oligom ers and protofibrils (metastable intermediates in (3am yloid formation) induced toxicity in cortical neurons but no increase in the level o f
fibrils w as found, im plicating the non-fibrillar soluble species in neuronal death
(Hartley et al. 1999). O ligom eric (3-amyloid rapidly increased intracellular Ca

levels

in SH SY -5Y cells, whereas m onom eric and fibrillar (3-amyloid did not induce the same
effect (Demuro et al. 2005). The dimeric form o f P-am yloidi . 4 2 was the only (3-amyloid
species that induced inhibition o f com plex IV in the same manner as is evident in the
A lzheim er brain, thus im plicating the dimeric form more so than the trimeric or other
forms o f (3-amyloid (Crouch et al. 2005).
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Figure 6.1: Assembly of ^-amyloid

|3-amyloid proteins assemble from monomeric |3-amyloid into fibrillar structures along a
number o f pathways. Amyloid seed formation is central to the generation o f fibrillar j3amyloid. Amyloid seeds are oligomers o f a certain size and structure, which facilitate
the formation of longer amyloid species by providing the correct scaffold structure.
Amyloid seeds are generated through a number o f processes. One o f these pathways
involves native-state dimerisation, resulting in the fonnation o f dimers, which assemble
to form lower molecular weight oligomers. Another process involves the formation o f
oligomers from amyloidogenic aggregation o f misfolded amyloid. Denatured monomers
can undergo non-specific aggregation to bring about unstructured aggregate (3-amyloid,
which can be converted to amyloid seeds by colloidal folding. The formation of
amyloid seeds occurs during the lag phase. Amyloid seeds can subsequently undergo
elongation to form filaments, protofibrils and mature fibrils, as are found in the amyloid
plaques that are characteristic o f AD. The generation o f amyloid fibrils occurs during
the growth phase. Illustration was taken from Giurleo et al (2008)
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Soluble oligom eric hum an p-am yloid that was secreted from 7PA2 CHO cells, inhibited
long-term potentiation (LTP) and following isolation o f the monom ers ( 4 - 5 kDa),
dimers ( 8 - 1 0 kDa) and trim ers (12 - 16 kDa) using size exclusion chrom atography, it
was found that the trim ers were more potent at blocking LTP than the dim ers and
tetramers (Tow nsend et al. 2006). Treatm ent o f hum an foetal cortical neurons with
soluble low m olecular w eight (3-amyloid oligomers caused rapid and massive death,
increased intracellular Ca^^ levels, m itochondrial m em brane perm eabilisation and
depolarization o f Axpm (D eshpande et al. 2006). Soluble higher molecular w eight
oligom ers (ADDLs) induced sim ilar effects in neurons but on a five-fold longer time
scale. In the same study, higher concentrations and longer incubation periods were
required for fibrillar |3-amyloid to induce widespread neuritic dystrophy and only
modest cell death (Deshpande et al. 2006). In the current study, soluble |3-amyloid,
consisting o f all soluble (^-amyloid forms from monom ers to oligomers to am yloid seed
forms, was used to investigate the effects o f |3-amyloid on m itochondrial function in in
situ m itochondria in rat brain synaptosomes.

Many o f the previous studies in this area have been perform ed using isolated
m itochondria, cells grown from prim ary cultures or cells derived from tumours. Isolated
mitochondria do not reflect the in vivo situation exactly because o f the loss o f the
relationship between the m itochondria and the rest o f the cell, and the loss o f integrity
o f the m itochondrial m em brane during preparation. Primary cell cultures are a very
useful model in biom edical research. However, they may not mature in the same
manner as in vivo cells because the cells are extracted from neonatal animal tissue. Cells
derived from tum ours generally obtain their energy from glycolysis rather than from
oxidative phosphorylation, have high Axpm and have high basal levels o f ROS in the
cytosol (W arburg 1956, Ristow 2001, N akashim a et al. 1984). Therefore, deleterious
effects on m itochondrial function induced by |3-amyloid may not reflect the in vivo
situation because o f altered m etabolic dynamics. Consequently, it is beneficial to
investigate the effects

o f P-am yloidi . 4 2

on

in situ m itochondria in rat brain

synaptosomes. This study investigated the effects o f soluble (3 -am yloidM 2 on certain
aspects o f m itochondrial function in rat brain synaptosom es, with some prelim inary
experim ents on p-am yloid 2 5 -3 5 , the fragm ent that is thought to be the toxic part o f the
whole |3-amyloidi-42 polypeptide.
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6.1.1 Aim s o f the chapter

1) To examine the effects o f P-amyloid25-35 on synaptosomal oxygen consumption and
synaptosomal integrity.

2) To investigate the effects o f soluble P-amyloidi.42 on mitochondrial function in in
situ m itochondria in rat brain synaptosomes.
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6.2 M aterials and m ethods

6.2.1 Preparation o f p-am yloid 2s-3s

(3-amyloid25-35 was dissolved in cold distilled water and was vortex mixed until the
solution was clear. The solution was subsequently divided into 50 fxl aliquots and frozen
at - 20 °C until required.

6.2.2

P r e p a r a t i o n o f p -a m y lo id i.4 2

Soluble (3-amyloid 1-4 2 , which includes any soluble forms from monomers to oligomers
to amyloid seed forms, was prepared according to the method o f Klyubin et al. (2004).
The critical concentration o f |3-amyloidi-42 was shown to be 20 |o,M (Harper & Lansbury
1997). Therefore, the stock concentration of (3-amyloidi.42 was maintained below 20
jj.M to prevent aggregation from occurring. |3-amyloidi.42 was dissolved in cold 0.1%
ammonium hydroxide and vortexed until the solution was homogenous. The solution
was centrifuged at 100,000 g for 3 h to remove the fibrillar forms o f (3-amyloidi.42 from
the solution. The final solution o f p-amyloidi .4 2 was divided into aliquots and frozen at 80 °C until required.

6.2.3

D e t e r m i n a t i o n o f P -a m y lo id i.4 2 s t o c k c o n c e n t r a t io n

The bicinchoninic acid (BCA) assay was used to calculate the concentration of the (3a m y lo id i.4 2

stocks after centrifugation and re-suspension. A standard curve (0 - 2000

|ig/ml) was generated using bovine serum albumin (BSA) in a clear 96-well plate. The
(3-amyloid 1-42 was placed in triplicate in three lanes: one in ten dilution, one in five
dilution and neat samples. 200 i^l working reagent (50 parts reagent A and 1 part
reagent B) were added to all o f the wells to start the reaction. The plate was kept at 37
°C for 30 min before being assayed spectrophotometrically at 560 nm in a Spectramax
340PC plate reader. The results were plotted to create a standard curve and from this the
concentration o f p-amyloidi .4 2 stock solution was calculated.
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Figure 6.2: Standard curve for the BCA assay

A BSA standard curve was created by adding increasing concentrations o f BSA to the
wells o f a clear 96-weIl plate, in triplicate. W orking reagent was added to each sample
and the plate was allowed to stand for 30 m in at 37 °C. The plate was analysed at 560
nm in a Spectramax 340PC plate reader and the results were expressed as mean ± SEM
(error bars). The concentration o f P-am yloidi

.4 2
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was determ ined from the graph.

6.2.4 Examination o f synaptosomal oxygen consumption rates

Rat

brain

synaptosom es

were

isolated

by

hom ogenisation,

centrifugation

and

ultracentrifugation as described in Sect 2.8 and the protein concentration was
determ ined using the Bradford assay (see Sect 2.9). The rates o f synaptosomal oxygen
consum ption (JO 2 ) were exam ined using a Clark-type oxygen electrode (see Sect 2.10).
|3-amyloid25-35 (0 -

10 |iM ) and P-am yloidi .4 2 (0 -

500 nM ) were added to

synaptosomes (1 m g/m l) in Krebs buffer in the oxygen electrode cham ber, giving a final
volum e o f 3 ml and the rate o f synaptosomal oxygen consum ption was m onitored for 5
-

6

min at 37 °C on a dual-pen Kipp & Zonen B D l 11 Chart Recorder that was set to 0

to 10 mV full-scale deflection at a speed o f 10 mm /min. The rates o f oxygen
consum ption per min were calculated from the trace and were converted to percentage
oxygen consumption.

Selected experim ents involved incubating the synaptosom es with (3-amyloid 1 .4 2 for
longer than

6

min. In this case, synaptosomes were treated with distilled cold w ater or

500 nM |3-amyloidi.42 in plastic tubes and were incubated in a w ater bath for 120 min at
37 °C. At specific time points (0, 30, 60, 90 and 120 min), samples were extracted from
the plastic tubes and were assayed on the oxygen electrode for synaptosomal oxygen
consum ption rates as described above.

6.2.5 Measurement of respiratory chain complex activities

Following analysis o f oxygen consum ption, the synaptosom al samples were freezefractured three tim es using liquid nitrogen and were frozen at - 80 °C. The samples were
assayed for com plex I activity (Sect 2.11.1), com plex II/III activity (Sect 2.11.3) and
com plex IV activity (Sect 2.11.5) spectrophotom etrically, w ithin three w eeks o f storage.
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6.2.6 Lactate dehydrogenase assay

The effects of 151-min incubation o f synaptosomes with (3-amyloid25-35 (0 - 10 |aM)
and 125-min incubation of synaptosomes with p-amyloidi .4 2 (0 - 500 nM) on
synaptosomal integrity were examined using the lactate dehydrogenase (LDH) assay.
Synaptosomes were treated with |3-amyloid25-35 (0 - 10 fxM) and P-amyloidi.4 2 (0 - 500
nM) in plastic tubes and were incubated in a water bath at 37 °C. In the (3-amyloid25-35
experiments, at specific time points (1, 16, 31, 46, 61, 91, 121 and 151 min) samples
were extracted from the plastic tubes and were centrifuged in a bench-top Eppendorf
Centrifuge 5415R at 16,100 g and 4 °C for 5 min. The supernatant was removed and
frozen at - 80 °C until required for examination by the LDH assay (Sect 2.12). In the |3amyloid ’,.4 2 experiments, the samples were extracted at specific time points (0, 30, 60,
90, 120 min) and were assayed on the oxygen electrode for 5 min. Subsequently, the
synaptosomal samples were centrifuged in a bench-top Eppendorf Centrifuge 5415R at
16,100 g and 4 °C for 5 min. The supernatant was removed and frozen at - 80 °C until
required for the LDH assay (Section 2.12).

6.2.7 Measurement of hydrogen peroxide production

The effect of P-amyloidi.4 2 on hydrogen peroxide (H 2 O 2 ) generation in rat brain
synaptosomes was determined using the Amplex Red assay (see Sect 2.13). P-amyloidi.
42

(0 - 500 nM) was added to synaptosomes and Krebs buffer in a black 96-well plate

and 50 |iM Amplex Red and 2.5 U/ml o f horseradish peroxidase were added to start the
assay. The relative fluorescence units (RFU) o f the samples were monitored in a
Spectramax Gemini XS plate reader at an excitation wavelength o f 550 nm and an
emission wavelength o f 580 nm at 37 °C. A H 2 O 2 standard curve was used to convert
the RFU values to pmol of H 2 O 2 (Figure 2.3).

6.2.8 Measurement of mitochondrial membrane potential

The effect o f (3-amyloidi.42 on mitochondrial membrane potential (Aipm) in rat brain
synaptosomes was examined using the JC-1 probe. JC-1 (5,5,6,6,-tetrachloro-l,l,3,3tetraethylbenzimidazolylcarbocyanine iodide) is a fluorescent dye that exists in two
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forms -

green fluorescent m onomer and red fluorescent J-aggregates. At low

concentrations or at low A\^m, JC-1 exists as the m onomeric form but at higher
concentrations or high A\pni, it forms J-aggregates (Reers et al. 1991, Di Lisa et al.
1995). The probe w as used to exam ine Axpm in m itochondria because the formation o f Jaggregates increases linearly with

over a range o f 30 to 180 mV. This is a

qualitative m ethod o f exam ining Axj^m; unfortunately no quantification is possible.

Synaptosom es

were

prepared

as

previously

described

(see

Sect

2.8).

4

mg

synaptosom es were incubated with 6 |j.M JC-1 in 1 ml Krebs buffer for 15 min at 37 °C
in the dark. After 15 min, the sample was centrifuged on a bench-top Eppendorf
Centrifuge 5415R at 16,100 g for 5 min to rem ove excess JC-1. The pellet w as re
suspended in Krebs buffer. This w ashing procedure was repeated three times. The final
pellet o f JC-1-loaded synaptosom es was re-suspended in 2 ml o f Krebs buffer. 200 )o,g
JC-1-loaded synaptosom es were added to Krebs buffer in a black 96 -w ell plate and (3am yloidi -4 2 (0 - 500 nM) was added to the w ells. A Spectramax Gemini X S plate reader
w as used to monitor the aggregate and m onomer levels o f JC-1 at an excitation
w avelength o f 490 nm and em ission w avelengths o f 535 and 590 nm for 60 m in at 37
°C. Both the excitation and em ission slit widths were set at 10 nm. The JC-1 ratios were
calculated by dividing signals from the red aggregate fluorescence (590 nm) by signals
from the green m onom eric fluorescence (535 nm).
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6.3 Results
6.3.1 Prelim inary experim ents investigating the effects o f p-am yloid 2 s-35
titration on certain aspects o f synaptosom al function

(3-amyloid is located in the senile plaques found in the AD brain post-mortem. The Pamyloid 25-35 peptide, a truncated form o f the entire P-amyloidi.42 polypeptide, is thought
to be the toxic part o f the protein. Experiments were performed to investigate the effect
of the P-amyloid 25-35 peptide on oxygen consumption in rat brain synaptosomes using a
Clark-type oxygen electrode. Figure 6.3 shows that increasing concentrations o f Pamyloid 25-35 had no effect on synaptosomal oxygen consumption rates. The highest
concentration used was 10 |iM P-amyloid 25-35 . The control rate o f synaptosomal oxygen
consumption was 3.69 ± 0.49 nmol

02

/min/mg and the rate of oxygen consumption o f

the 10 |j,M P-amyloid 25-35 sample was 3.96 ± 0.55 nmol

02

/min/mg.

The integrity of the synaptosomal membranes was examined by monitoring the release
of LDH into the extrasynaptosomal medium. Figure 6.4 shows that increasing
concentrations of P-amyloid 25-35 did not alter the synaptosomal membrane integrity, as
was evident by the lack o f disparity between the P-amyloid 25-35 -treated samples and the
control over the 151 min incubation period. The rate o f LDH in the control sample at
time 1 min was 13.77 ± 1.70 nmol/min/mg and that o f the 10 |j,M P-amyloid 25-3s sample
was 14.65± 2.59 nmol/min/mg. After 151 min incubation the control rate was 29.31 ±
3.12 nmol/min/mg and the rate o f the 10 [J.M P-amyloid 25-35 sample was 31.69 ± 3.16
nmol/min/mg.

However, time-dependent release o f LDH from the synaptosomes occurred in the
control sample and in the P-amyloid 25-3 s-treated samples. LDH release in the control
sample was significantly increased after 31 min incubation (p < 0.05), after 46 min (p <
0.01) and from 61 min onwards (p < 0.001). The LDH release in the P-amyloid 25-35 treated samples was significantly higher after 46 min incubation (p < 0.01) and from 61
min onwards (p < 0 .0 0 1 ).
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Figure 6.3 : P-amyloid25-35 does not alter oxygen consumption rates (JO2) in rat
brain synaptosomes

Synaptosom es (1 m g/m l) were assayed with a series o f concentrations o f P-am yloid 2 5 -3 5
( 0 - 1 0 }xM) in Krebs buffer in the oxygen electrode cham ber for 6 m in at 37 °C and the
oxygen consum ption rates were followed on a chart recorder. Experim ents were
perform ed on four individual preparations and results are expressed as m ean ± SEM
(error bars). Statistical analysis was perform ed by one-way A N O V A w ith post-hoc
Bonferroni analysis using Prism.
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Figure 6.4: P-amyloidas-as does not affect the synaptosomal integrity of rat brain
synaptosomes

Synaptosom es (0.5 m g/m l) were incubated with a series o f concentrations o f (3am yloid 2 5 - 3 5 ((3A25) ( 0 - 1 0 )J.M) in Krebs buffer for 151 min at 37 °C. Samples were
extracted at specific tim e points (1, 16, 31, 46, 61, 91, 121 and 151 min) and were
centrifuged in an E ppendorf Centrifuge 5415R at 16,100 g for 5 m in at 4 °C. The
supernatants w ere assayed spectrophotom etrically at 340 nm for LDH activity.
Experim ents w ere perform ed on three individual preparations and results are expressed
as mean ± SEM (error bars). Statistical analysis was performed by One-way ANOVA
with post-hoc Bonferroni analysis using Prism.
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6.3.2 Effects o f P-am yloidi .4 2 on m itochondrial function in rat brain
synaptosom es

Experiments were performed to investigate the effect o f increasing concentrations of
soluble P-amyloidi.4 2 on oxygen consumption and on the activities o f the respiratory
chain components, complex 1, complex Il/III and complex IV in synaptosomes. The
synaptosomal samples were incubated with P-amyloidi.4 2 for

6

min in the oxygen

electrode chamber, after which, they were frozen and analysed for electron transport
chain complex activities. Figure 6.5 shows that a range o f P-amyloidi.4 2 concentrations
(up to 500 nM) did not alter the rates o f oxygen consumption, with the rate for the
control found to be 4.87 ± 0 . 1 9 nmol
0 2

0 2

/min/mg compared to 4.53 ± 0.086 nmol

/min/mg for 500 nM (3-amyloid 1.4 2 , the highest concentration used.

Figure

6 .6

and Figure 6.7 show that the range o f P-amyloidi.4 2 concentrations did not

affect complex I or complex II/III activities in rat brain synaptosomal mitochondria, as
was evident by the lack o f disparity between the controls and the samples treated with
500 nM P-amyloidi.4 2 . The control rate o f complex 1 activity was 49.92 ± 5.83
nmol/min/mg and that for 500 nM P-amyloidi.4 2 was 49.32 ± 7.17 nmol/min/mg.
Complex II/III activity in the control sample was determined to be 35.95 ± 3.54
nmol/min/mg and that for 500 nM P-amyloidi.4 2 was 37.68 ± 5.0 nmol/min/mg.

However, Figure

6 .8

shows that 500 nM P-amyloidi.4 2 significantly decreased complex

IV activity by - 18%, as the control rate o f 16.3 ± 0.42 k/min/mg was reduced to 13.3 ±
0.58 k/min/mg (p value < 0.05).
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Figure 6.5: p-amyloidi .4 2 does not alter oxygen consumption rates in rat brain
synaptosomes

Synaptosom es (1 mg/ml) were assayed with a series o f concentrations o f P-amyloidi . 4 2
(0 - 500 nM ) in Krebs buffer in the oxygen electrode cham ber for

6

m in at 37 °C. At

the end o f the assay the samples were frozen and stored at - 80 °C for the analysis o f
respiratory chain com plex activities. Experim ents were perform ed on four individual
preparations and results are expressed as m ean ± SEM (error bars). Statistical analysis
was perform ed by one-way A NO V A w ith post-hoc Bonferroni analysis using Prism.
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Figure 6 ,6 : P-amyloidi.4 2 does not alter complex I activity in rat brain
synaptosomes

Synaptosomes (1 mg/ml) were assayed with a series o f concentrations o f (3-amyloidi.42
(0 - 500 nM) in Krebs buffer in the oxygen electrode chamber for 6 min at 37 °C. At
the end o f the assay the samples were frozen at - 80 °C and freeze fractured three times
before being assayed for complex I activity in a Cary UV spectrophotometer at 340 nm.
Experiments were performed on four individual preparations and results are expressed
as mean ± SEM (error bars). Statistical analysis was performed by one-way ANOVA
with post-hoc Bonferroni analysis using Prism.
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Figure 6.7: p-am yloidi .4 2 does not alter com plex II/III activity in rat brain
synaptosom es

Synaptosomes (1 mg/ml) were assayed with a series o f concentrations o f P-am yloidi .4 2
(0 - 500 nM ) in Krebs buffer in the oxygen electrode cham ber for

6

min at 37 °C. At

the end o f the assay the samples were frozen at - 80 °C and freeze fractured three times
before being assayed for com plex II/III activity in a Cary UV spectrophotom eter at 550
nm.

Experim ents were performed on four individual preparations and results are

expressed as mean ± SEM (error bars). Statistical analysis was perform ed by one-way
ANOVA with post-hoc Bonferroni analysis using Prism.
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Figure 6.8: 500 nM P-amyloidi.42 decreases com plex IV activity in rat brain
synaptosom es

Synaptosom es (1 m g/m l) w ere assayed with a series o f concentrations o f P-am yloidi .4 2
(0 - 500 nM ) in Krebs buffer in the oxygen electrode cham ber for

6

m in at 37 °C. At

the end o f the assay the sam ples w ere frozen at - 80 °C and freeze fractured three tim es
before being assayed for com plex IV activity in a Cary UV spectrophotom eter at 550
nm. Experim ents were perform ed on four individual preparations and results are
expressed as m ean ± SEM (error bars). Statistical analysis was perform ed by one-w ay
ANOVA with post-hoc Bonferroni analysis using Prism. Statistical significance is
signified by * for p < 0.05.
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6,3.3 Effect o f p-am yloidi .4 2 on oxygen consum ption rates in rat brain
synaptosom es

Considering the decreased complex IV activity induced by 500 nM P-amyloidi.42 after

6

min incubation, further investigations were carried out to determine its effects on
mitochondrial function over a longer incubation period. P-amyloidi.42 was incubated
with synaptosomal samples at 37° C for 120 min and samples were extracted at a series
o f time points (0, 30, 60, 90 and 120 min) for oxygen consumption analysis.
Synaptosomal oxygen consumption was examined in the chamber o f a Clark-type
oxygen electrode and the results were recorded on a chart recorder. After 5 min
incubation in the oxygen electrode, the samples were freeze fractured three times in
liquid nitrogen before being evaluated for respiratory chain complex activities.

Figure 6.9 shows that increasing the length of the incubation period o f P-amyloidi.42
with the rat brain synaptosomes did not induce any significant alterations in
synaptosomal oxygen consumption. The rate o f synaptosomal oxygen consumption for
the control at time 0 min was 3.48 ± 0.234 nmol
amyloidi-42 was 3.39 ± 0.21 nmol
3.07 ± 0.424 nmol
02

02

02

02

/min/mg and that for 500 nM (3-

/min/mg. At time 120 min, the control rate was

/min/mg and that for 500 nM P-amyloidi.42 was 3.10 ± 0.78 nmol

/min/mg.

Furthermore, there were no significant differences between the control at time 0 min
and the control at time 30, 60, 90 or 120 min. A similar situation was obtained for the
500 nM P-amyloidi-42 -treated samples. The samples at times 30, 60, 90 and 120 min
were not significantly different from the P-amyloidi.42 -treated sample at time 0 min.

199

■ Control
■ p-am yloid 42

0

30

60

90

120

Incubation time (min)

Figure 6,9: p-am yloidi .42 does not alter oxygen consum ption rates in rat brain
synaptosom es over a

120

min incubation period

Synaptosomes (1 mg/ml) were pre-incubated with distilled water (blue columns) and
500 nM P-amyloidi. 4 2 (red columns) in a water bath at 37 °C. At 0, 30, 60, 90 and 120
min time points, samples were extracted and assayed for 5 min in the oxygen electrode
chamber at 37 °C. At the end o f the assay the samples were frozen at - 80 °C.
Experiments were performed on four individual preparations and results are expressed
as mean ± SEM (error bars). Statistical analysis was performed by one-way ANOVA
with post-hoc Bonferroni analysis using Prism.
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6.3.4 Effects of p-amyloidi.4 2 on respiratory chain complex activities in
synaptosomes

Synaptosomal samples that had been examined in the oxygen electrode were freeze
fractured three times and were analysed for complex I, complex II/III and complex IV
activities. The increased duration o f incubation o f the synaptosomes with 500 nM |3amyloidi -4 2 did not cause any changes in complex I or complex II/III activities at any
time point (Figure 6.10 and Figure 6.11). The rate o f complex I activity in the control
samples at time 5 min was 49.37 ± 3.21 nmol/min/mg compared to 52.81 ± 4.31
nmol/min/mg in the samples treated with 500 nM [3-amyloid 1.4 2 . Likewise, the rate o f
complex I activity after 125 min incubation was 47.9 ± 5.50 nmol/min/mg in the control
and 52.59 ± 3.33 rmiol/min/mg in the 500 nM P-amyloid].4 2 -treated samples. The
control rate o f complex II/III activity at time 5 min was 30.45 ± 1.83 nmol/min/mg and
the corresponding rate for the 500 nM P-amyloidi.4 2 -treated samples was 29.77 ± 2.93
nmol/min/mg. After 125 min treatment o f the synaptosomes, the control rate of complex
II/III activity was 29.45 ± 2.82 nmol/min/mg, compared to 28.38 ± 2.93 nmol/min/mg
in the samples treated with 500 nM P-amyloidi.4 2 .

Figure 6.12 shows that P-amyloidi.4 2 significantly decreased complex IV activity in rat
brain synaptosomes after 5 and 35 min incubation periods (p < 0.05). The control rate of
complex IV activity at time 5 min was 16.11 ± 0.83 Ic/min/mg in contrast to 14.01 ±
0.44 k/min/mg for the samples treated with 500 nM (3-amyloidi.42, showing an - 14%
decrease in complex IV activity. Likewise, after 35 min o f incubation, complex IV
activity was reduced from 15.61 ± 0.82 k/min/mg to 13.67 ± 0.30 k/min/mg in the (3amyloidi-4 2 -treated synaptosomal samples, giving an ~ 12 % decrease in complex IV
activity. However, this effect on complex IV was not observed after 65, 95 or 125 min
o f incubation o f (3-amyloidi.42 with the synaptosomes. The control rate o f complex IV
activity at time 125 min was significantly lower than the control rate at time 5 min (p <
0.05). This time-dependent effect was not observed in the presence o f P-amyloidi.4 2 .
The complex IV rate was not lower in the presence o f P-amyloidi.4 2 after 125 min
incubation compared with that after 5 min incubation.
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Figure 6.10: p-amyloidi

.4 2

does not affect complex I activity in rat brain

synaptosomes over a 125 min incubation period

Synaptosomes (1 m g/m l) were pre-incubated with distilled w ater (blue colum ns) and
500 nM P-am yloidi

.4 2

(red colum ns) in a w ater bath at 37 °C. At 0, 30, 60, 90 and 120

min time points, samples were extracted and assayed for 5 min in the oxygen electrode
cham ber at 37 °C. At the end o f the assay the sam ples were frozen at - 80 °C and freeze
fractured three times before being assayed spectrophotom etrically at 340 nm for
com plex I activity. Experim ents were perform ed on four individual preparations and
results are expressed as mean ± SEM (error bars). Statistical analysis was perform ed by
one-way A NO V A w ith post-hoc Bonferroni analysis using Prism.
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Figure 6.11: P-amyloidi.4 2 does not affect complex II/III activity in rat brain
synaptosomes over a 125 rain incubation period

Synaptosomes (1 mg/ml) were pre-incubated with distilled water (blue columns) or 500
nM P-amyloidi. 4 2 (red columns) in a water bath at 37 °C. At 0, 30, 60, 90 and 120 min
time points, samples were extracted and assayed for 5 min in the oxygen electrode
chamber at 37 °C. At the end o f the assay, the samples were frozen at - 80 °C and freeze
fractured three times before being assayed spectrophotometrically at 550 nm for
complex II/III activity. Experiments were performed on four individual preparations
and results are expressed as mean ± SEM (error bars). Statistical analysis was
performed by one-way ANOVA with post-hoc Bonferroni analysis using Prism.
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Figure 6.12: C om plex IV activity in rat brain synaptosom es is reduced by Pam yloidi - 4 2 during short-term incubation

Synaptosom es (1 mg/ml) were pre-incubated witii distilled w ater (blue colum ns) and
500 nM P-am yloidi -4 2 (red colum ns) in a w ater bath at 37 °C. At 0, 30, 60, 90 and 120
m in time points, samples were extracted and assayed for 5 m in in the oxygen electrode
cham ber at 37 °C. At the end o f the assay the sam ples were frozen at - 80 °C and freeze
fractured three tim es before being assayed spectrophotom etrically at 550 nm for
com plex IV activity. Experim ents were perform ed on four individual preparations and
results are expressed as m ean ± SEM (error bars). Statistical analysis was perform ed by
one-way

ANOVA

w ith

post-hoc

Bonferroni

analysis

using

Prism.

Statistical

significance is signified by * denotes sample is significantly different to the control
sample at the same tim e point (p < 0.05). t denotes that a sample is significantly
different to the corresponding control at tim e 5 min (p < 0.05).
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6.3.5 Effects o f p-am yloidi .4 2 on synaptosom al m em brane integrity

Rat brain synaptosomes were incubated with 500 nM (3-amyloid].42 and were analysed
for LDH release. Following the examination o f the synaptosomal samples in the oxygen
electrode, a proportion of each sample was centrifuged in a bench top centrifuge and the
supernatant was analysed for LDH activity, as a means of determining the integrity of
the synaptosomal membranes over the 125 min exposure period. Figure 6.13 shows that
500 nM P-amyloidi- 4 2 did not alter synaptosomal integrity, as evidenced by the lack of
disparity between the 500 nM P-amyloidi.4 2 -treated samples and the control at each time
point. The rate o f LDH activity in any of the P-amyloidi.4 2 -treated samples was not
different when compared to the corresponding control at the same time point. The rate
o f LDH release o f the control at time 5 min was 17.79 ± 2.46 mnol/min/mg and the rate
o f the 500 nM P-amyloidi. 4 2 sample was 21.32 ± 1.73 nmol/min/mg. After 125 min
incubation, the control rate was 28.21 ± 1.78 nmol/min/mg and the rate o f the 500 nM
P-amyloidi. 4 2 sample was 31.97 ± 3.31 nmol/min/mg.

However, time-dependent changes in LDH release in the control samples and in the Pamyloidi.4 2 -treated sample were observed. In the control, LDH release into the extrasynaptosomal media after 65 min and beyond this time point was significantly higher
than the rate o f the control at time 5 min (p < 0.01 for 65 min time point, p < 0.001 for
95 and 125 min time points). In the 500 nM P-amyloidi.4 2 -treated sample, the LDH
release after 65 min and beyond this time point was significantly increased compared to
the 500 nM P-amyloid|.4 2 -treated sample at time 5 min (p < 0.05 for 65 min time point
and p < 0.001 for 95 and 125 min time point).
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F igu re 6.13: p -a m y lo id i .4 2 does not affect rat brain syn ap tosom al integrity

Synaptosom es (1 mg/ml) were pre-incubated with distilled w ater (blue columns) and
500 nM P-am yloidi -42 (red colum ns) in a w ater bath at 37 °C. At 0, 30, 60, 90 and 120
m in tim e points, samples were extracted and assayed for 5 min in the oxygen electrode
cham ber at 37 °C. A t the end o f the assay the sam ples were centrifuged in a bench-top
E ppendorf Centrifuge 5415R for 5 min at 16,100 g at 4° C. The supernatants were
frozen at - 80 °C and were assayed spectrophotom etrically at 340 nm for LDH activity.
Experim ents were perform ed on four individual preparations and results are expressed
as m ean ± SEM (error bars). Statistical analysis was perform ed by One-way A NOVA
with post-hoc Bonferroni analysis using Prism. Significant differences between the
sam ples and the corresponding control at tim e 5 min are signified by § for p < 0.05, 7^
for p <

0 .0 1

and t for p <

0 .0 0 1

.
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6.3.6 Effect o f p-am yloidi .4 2 on hydrogen peroxide production in rat brain
synaptosom es

In addition to the examination of the effects o f P-amyloidi.4 2 on synaptosomal oxygen
consumption and on the electron transport chain activities, the Amplex Red assay was
used to determine if p-amyioidi.4 2 affected H 2 O 2 production in rat brain synaptosomes.
Figure 6.14 shows typical daily traces o f H 2 O 2 production by control synaptosomal
samples and in samples treated with increasing concentrations o f P-amyloidi.4 2 (1 nM to
500 nM) over 120 min. The level o f H 2 O 2 production increased in all o f the samples,
including the control, over the

1 2 0

min incubation period compared to time 0 . It appears

from Figure 6.14 that 500 nM P-amyloidi. 4 2 caused a higher level of H 2 O 2 production
than in the control.

Statistical analysis of the 5 - 2 0

min rates from three individual synaptosomal

preparations showed that 500 nM P-amyloidi.4 2 significantly increased the rates o f H 2 O 2
production from 2.00 ± 0 . 1 7 pmol H 2 0 2 /min/mg in the control to 2.58 ± 0 . 1 6 pmol
H 2 0 2 /min/mg in the 500 nM P-amyloidi.4 2 -treated sample (Figure 6.15(a)).

Similarly, the 60 - 120 min rates o f H 2 O 2 production were faster in the synaptosomes
treated with 500 nM P-amyloidi.4 2 (2.37 ±0. 16 pmol H 2 0 2 /min/mg) when compared to
the control (1.93 ± 0.12 pmol H 2 0 2 /min/mg) (Figure 6.15(b)). P-amyloidi.4 2 increased
the rates of H2 O 2 production by - 29% during the 5 - 2 0 min period and by - 23%
during the 60 -

120

min period.
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Figure 6.14: T ypical traces o f H 2 O 2 production in rat brain synaptosom es in the
presence o f p-amyloidi.42

Synaptosom es (1 m g/m l) were incubated with a series o f concentrations o f P-amyloidi.
42 (0 - 500 nM ) for 120 m in at 37 °C and were assayed for H 2 O 2 activity using the
Am plex Red assay in a Spectram ax Gemini XS plate reader. The excitation w avelength
was 550 nm and the em ission w avelength was 580 nm. The results from typical traces
were converted to pm ol H 2 O 2 and plotted.
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Figure 6.15: 500 nM P-am yloidi .4 2 increases H 2 O 2 production in rat brain
synaptosom es

Synaptosom es (1 m g/m l) were incubated with a series o f concentrations o f P-amyloidi.
42

(0 - 500 nM ) for 120 min at 37 °C and were assayed for H 2 O 2 activity using the

A mplex Red assay in a Spectram ax Gemini XS plate reader. The excitation w avelength
used was 550 nm and the em ission wavelength was 580 nm. Vmax rates were calculated
for the 5 - 2 0 min rates (a) and for rates after 1 h incubation (60 - 120 min) (b) and
were converted into pmol H 2 O 2 using the standard curve. Experim ents were perform ed
on three individual preparations and results were expressed as mean ± SEM (error bars).
Statistical analysis was perform ed by one-w ay ANOVA with post-hoc Bonferroni
analysis using Prism. Statistical significance is shown by * for p < 0.05.

210

HjOz (pmol/min/m g)

f
2

-

1

-

i-

0

0

5

10

50

100

500

50

100

500

^

[P-amykjid,^jl (nM )

H2O2 (pmol/min/mg)

-t-

1

-

0
0

1

5

10
iP-amyloidi^2l (nM)

211

6.3.7 Effect o f p-am yloidi .4 2 on AiiJm in rat brain synaptosom es

Figure 6.16 shows typical fluorescent traces, reflective o f Axpm, in the presence of a
series o f concentrations o f

13

-amyloidi.4 2 , as determined using the JC-1 dye. FCCP

induces complete depolarisation of Aipm. FCCP (1 |j,M) was added before the reaction
was started. Figure 6.16 shows 1 |o,M FCCP (bright pink trace) decreased the
fluorescence signals from 590 nm (aggregate form) compared to the control and
increased the fluorescence signals from 535 nm (monomeric form) compared to the
control. The JC-1 590 nm/535 nm ratios were calculated for the typical traces and were
plotted in Figure 6.17. The ratios for FCCP appear much lower than those for any other
samples. In addition it seems that the ratio trace for 500 nM (3-amyloidi.42 is lower than
the control, implying some decrease in Axpn,-

It is evident from the typical traces o f fluorescence readings at 535 nm and 590 nm that
loss o f the 535 nm JC-1 signal started to occur after 10 min (Figure 6.16). This is
observed by the decrease in the 535 nm fluorescence readings in the samples, including
the control, over time. Thus, only the results up to and including 10 min were analysed
further. Statistical analysis o f the results was performed and the results are plotted in
Figure 6.18 as the average ratio from three individual preparations for each sample at
specific time points: 1, 5 and 10 min. P-amyloidi.4 2 (500 nM) and 1 p-M FCCP
decreased the JC-1 ratio significantly at all o f the time points examined with p values o f
< 0.001. At time 1 min, the control JC-1 ratio was 4.45 ± 0.24 in contrast to 3.58 ± 0.18
for 500 nM P-amyloidi.4 2 and 0.93 ± 0.27 for FCCP. After 5 min incubation, the control
ratio was 4.55 ± 0.37 compared to 3.34 ± 0.27 for 500 nM P-amyloidi. 4 2 and 0.83 ± 0.08
for FCCP. After 10 min incubation, the JC-1 ratio for the control was 4.88 ± 0.45, that
for 500 nM P-amyloidi. 4 2 was 3.35 ± 0.33 and that for FCCP was 0.78 ±0.10.
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Figure 6.16: Typical traces of Atpm in rat brain synaptosomes in the presence of pamyloidi.42

Synaptosomes (1 mg/ml) were pre-incubated with

6

|xM JC-1 at 37 °C for 15 min and

were washed three times before being assayed. Synaptosomal samples were treated with
increasing concentrations of P-amyloidi.4 2 (PA42) (0 —500 nM) and 1 )xM FCCP and
the Aipm o f the samples was examined in a Spectramax Gemini XS plate reader using an
excitation wavelength o f 490 nm and emission wavelengths o f 535 and 590 nm. Results
were expressed in RFU (relative fluorescence units) at 535 and 590 nm.
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Figure 6.17: Typical traces o f the JC-1 590 nm :535 nm ratios show ing

in rat

brain synaptosom es in the presence o f p-am yloidi .4 2

Synaptosom es (1 m g/m l) were pre-incubated with

6

|^M JC-1 at 37 °C for 15 m in and

were w ashed three tim es. After treatm ent with JC-1, the synaptosomal sam ples were
treated with increasing concentrations o f P-am yloidi .4 2 (PA42) (0 - 500 nM ) and 1 |j,M
FCCP and Axpm o f the sam ples was exam ined in a Spectramax Gemini XS plate reader
at 37 ° C for 60 min using an excitation w avelength o f 490 nm and em ission
wavelengths o f 535 and 590 nm. The JC-1 590 nm/535 nm ratios were calculated and
plotted.
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Figure 6.18: 500 nM p-am yloid 1 -4 2 decreases the Aipm in rat brain synaptosom es

Synaptosom es (1 m g/m l) were pre-incubated with

6

,uM JC-1 at 37 °C for 15 min and

were w ashed three tim es before being assayed. Synaptosom al samples were treated with
a series o f concentrations o f P-am yloidi .4 2 (0 - 500 nM ) and 1 |o,M FCCP. Aipm o f the
samples was exam ined in a Spectram ax Gem ini XS plate reader at an excitation
wavelength o f 490 nm and em ission wavelengths o f 535 and 590 nm. The JC-1 ratios
(590 nm /535 nm ) were calculated for triplicate sam ples from three individual
synaptosomal preparations at incubation time points; (a) 1 min, (b) 5 min and (c) 10 min
and results were expressed as the m ean o f ratios ± SEM (error bars). Statistical analysis
was perform ed by O ne-way A N O V A with post-hoc Bonferroni analysis using Prism.
Samples significantly different to the control at the corresponding incubation tim e point
are signified by *** for p < 0 .0
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6.4 Discussion

Previous studies have reported that (3-amyloid decreased com plex IV activity in isolated
m itochondria (Casley et al. 2002, Canevari et al. 2004, Crouch et al. 2005). In this
study, w e exam ined the effects o f (3-amyloid25-35 fragment and the w hole P-am yloidi .4 2
polypeptide on mitochondrial function, nam ely oxygen consum ption rates, electron
transport chain com plex activities, A^prn and H 2 O 2 production in rat brain nerve
terminals.

Preliminary experim ents were performed with (3-amyloid25-35 because this fragment is
thought to represent the biologically active com ponent o f (3-amyloidi.42 (Iversen et al.
1995). P-am yloid 2 5 -3 5 had similar toxic effects on hippocampal neuronal cultures as did
(3-amyloid 1.4 0 / 1-42 (Pike et al. 1993). The experim ents in the present study show that (3am yloid 2 5 -3 5 did not affect oxygen consum ption in rat brain synaptosom es, up to a
concentration o f 10 |j.M. The ability o f p-am yloid 2 5-35 to alter synaptosomal integrity
was exam ined by monitoring the release o f LDH into the extra-synaptosomal media,
using the LDH assay. (3-amyloid25-35 (up to 10 |o.M) had no effect on the synaptosomal
membranes w hich w as evident by the lack o f significant differences between the
controls and the (3-amyloid25-35-treated sam ples over a 151 min incubation period. This
correlates with results showing that (3-amyloid25-35 did not affect the integrity o f rat
cortical synaptosom al membranes over 3 hours o f incubation, obtained by using the
LDH assay (M ungarro-M enchaca et al. 2002). In the controls and in the samples treated
with (3-amyloid25-35, the rate o f LDH release w as greater in the sam ples that had been
incubated for longer periods o f time when compared to the sam ples at the first time
point. This would be expected because synaptosom es experience deterioration o f their
membrane integrity over tim e, when they are incubated at 37° C. The lack o f effect o f
(3-amyloid25-35 may be accounted for by the fact that it is only a fragment o f the w hole
|3-amyloidi.42 protein. Therefore, the (3-amyloid 1.42 was used in subsequent experiments.

(3-amyloid 1.42 has a more com plicated preparation procedure involving centrifugation at
100,000 g for 3 h, follow ed by the B C A assay to determine the stock concentration.
This centrifugation rem oves fibrillar (3-amyloid|.42, leaving only the soluble (3-amyloidi.
42-

The activity o f the preparation o f (3-amyloid 1.42 w as verified with long-term
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potentiation (LTP) experiments perform ed by Dr Igor Klyubin in P ro f M ike R ow an’s
laboratory, School o f Pharmacology and Therapeutics, Trinity College Dublin,

(data

not shown) before use. It is widely reported that soluble |3-amyloid].42 inhibits LTP in
vivo in rats; therefore, the pathological activity o f (3-amyloidi.42 was confirm ed before
being used in the experim ents reported in this chapter.

Rat brain synaptosomes were treated w ith increasing concentrations o f (3-amyloid 1 .4 2 for
6

min and oxygen consum ption and electron transport chain com plex activities were

examined. From these experim ents, the sole significant observation was that 500 nM (3am yloidi -4 2 decreased com plex IV activity when com pared to the control. This is in
accordance with other studies as decreased com plex IV activity after treatm ent with |3am yloid 2 5 -3 5 and |3-amyloidi_42 was found in isolated m itochondria from rat liver and rat
brain (Canevari et al. 1999, Parks et al. 2001), and com plex IV activity is reduced in the
A lzheim er brain post m ortem (Kish et al. 1992, M aurer et al. 1995). However, the level
o f com plex IV inhibition reported here (14 - 18%) was lower than that induced in
isolated brain m itochondria by |3-amyloid (37 - 60% ) and was also lower than the
com plex IV deficiencies found in the A lzheim er brain post m ortem (27 - 52%). One
reason for this may be the use o f a lower concentration o f (3-amyloidi-42 in this study.
The highest concentration used was 500 nM, in com parison w ith 60 - 80 )j,M (3am yloid 2 5 -3 5 and 20 |xM P-am yloidi .4 2 used in the isolated m itochondria studies.
Therefore, higher concentrations o f |3-amyloidi.42 may be required to replicate the
com plex IV inhibition observed in the AD brain.

Additional factors that may affect the ability o f |3-amyloid to inhibit com plex IV are
pre-ageing o f (^-amyloid and the presence o f co-factors such as metals. Maximal
inhibition o f com plex IV in hum an leukocyte m itochondria was obtained with (3am yloidi -4 2 that had been aged for 3 -

6

h and additionally, free Cu^^ was required to

obtain this (3-amyloid 1.4 2 -induced com plex IV inhibition (Crouch et al. 2005). There
have been some reports o f (3-amyloid inhibiting other com plexes o f the electron
transport chain, including com plex I and com plex III (Aleardi et al. 2005). However,
the present study does not correlate with these data, which may be partly explained by
the higher concentrations o f (3-amyloidi.42 (20 |j.M) used in the Aleardi study.
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In order to investigate the effect of decreased activity o f complex IV further, the
synaptosomes were treated with 500 nM p-amyloidi.4 2 for the longer incubation period
o f 120 min. Again, p-amyloidi .4 2 did not alter synaptosomal oxygen consumption or
complex I or complex II/III activities. (3-amyloid 1.42 decreased complex IV activity after
5 min incubation and after 35 min incubation, however, this effect was not maintained
at the longer incubation time points o f 65, 95 and 125 min. Complex IV activity was
significantly lower in the control sample at 125 min than in the control at time 5 min but
there was no significant difference between the P-amyloidi_4 2 -treated samples after 125
min when compared to the P-amyloidi.4 2 - treated samples after 5 min incubation.
Therefore, the loss o f significant difference between the control and the (3-amyloidi_42treated samples after 65 min incubation may be accounted for by the decreased complex
IV activity in the control sample over time, rather than there being higher levels o f
complex IV activity in the p-amyloidi.4 2 - treated samples after 65 min incubation.

The mechanisms by which (3-amyloid inhibits complex IV are not clear as o f yet. (3amyloid inhibits complex IV in the absence o f biological membranes leading to
suggestions that p-amyloid interacts directly with the enzyme (Casley et al. 2002). In
addition, that study showed that the apparent

o f complex IV for reduced cytochrome

c was increased, suggesting that (3-amyloid may inhibit the binding o f cytochrome c by
binding to the complex IV enzyme complex and blocking cytochrome c from reaching
its binding site. Another theory postulates that the ROS produced by P-amyloid are the
agents that damage the enzymes. Pereira et al (1999) show that (3-amyloid25-35 and (3amyloid|. 4 o decreased the activities o f complex I, complex II/III and complex IV, and
depleted the pyruvate levels in PC -12 cells. From these results, they propose that this
damage is caused by increased accumulation of ROS and oxidative stress caused by Pamyloid because the decreased activity o f the enzymes and depleted pyruvate levels
were alleviated by the antioxidants, vitamin E and idebenone. In the current study, 500
nM (3-amyloidi-42 increased the rates of H 2 O 2 production over 5 - 2 0 min and 60 - 90
min of incubation. Therefore, increased levels o f ROS may damage mitochondrial
enzymes such as complex IV, which is decreased after 5 and 35 min incubation periods.

An additional proposed mechanism o f complex IV inhibition by (3-amyloid involves its
ability to form a complex with heme (Atamna & Frey 2004), which subsequently
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reduces the availability o f heme to the cell. This may occur in the mitochondria as well
as in other parts o f the cell. Complex IV is the only enzyme that contains heme a and
reduced availability o f heme could affect the functioning of complex IV (Atamna &
Frey 2007). Heme deficiency, induced with the ferratochelatase inhibitor N-methyl
protoporphyrin, decreased the activity of complex IV by ~ 95% in human lung
fibroblasts (Atamna et al. 2001). Atamna & Frey (2007) suggests that heme deficiency
through binding o f heme to excess |3-amyloid is possibly the unifying mechanism in AD
that explains |3-amyloid toxicity in neurons.

|3-amyloid|.42 did not affect synaptosomal oxygen consumption rates in rat brain
synaptosomes after

6

min or 120 min exposure times. The complex IV inhibition

threshold obtained in Chapter 3 o f this report may be used to account for these
observations. Complex IV must be inhibited by 50 - 65% before a deleterious effect is
seen on mitochondrial respiration in rat brain synaptosomes. Therefore, the 14 - 18%
decrease in complex IV activity induced by |3-amyloid would not be sufficient to
decrease synaptosomal oxygen consumption significantly. A higher concentration o f 13amyloid 1 .4 2 may be required to induce decreased mitochondrial respiration. 20 |j.M (3amyloid |. 4 2 reduced state 3 respiration by 64% and state 4 respiration by 81 % in
isolated rat brain mitochondria (Aleardi et al. 2005).

Isolated mitochondrial studies have dominated the investigations on ROS production
and oxidative stress caused by disease. However, isolated mitochondria generate ROS
by different mechanisms depending on the substrate with which they are fuelled.
Mitochondria that are respiring on succinate produce much higher rates o f ROS than
those respiring on NADH-linked substrates, such as glutamate/malate. In addition, it is
thought that ROS production, supported by succinate, occurs at complex I through
reverse electron transfer, which can be inhibited by rotenone. Rotenone treatment of
mitochondria respiring on NADH-linked substrates results in increased levels o f ROS
formation. This disparity between mitochondria respiring on NADH-linked substrates
and FADH 2 -linked substrates can be avoided by using in situ mitochondria in
synaptosomes in which respiration is supported by electrons from both NADH and
succinate.
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In this study, 500 nM |3-amyloidi.42 significantly increased the production of H 2 O 2 in rat
brain synaptosomes, which is reflective o f superoxide levels. As mentioned in previous
chapters, increased levels of ROS and oxidative stress can have deleterious effects on
the mitochondria, which may be detrimental to overall cellular function. The
impairment o f cellular function by ROS damage to mitochondria may involve decreased
mitochondrial respiratory chain complex activities (Cardoso et al. 1999, Zhang et al.
1990), gradual depolarisation of Axpm, impaired sequestering o f Ca^"^ (Chinopoulos et al.
1999) and initiation o f apoptosis (Whittemore et al. 1994). Oxidative damage to the cell
can lead to damage to lipids, proteins and DNA. As discussed in the introduction to this
chapter, previous studies have shown |3-amyloid-induced accumulation of ROS in
isolated mitochondria and cell cultures (Hensley et al. 1994, Lauderback et al. 2002,
Kaminsky & KosenJco 2008). |3-amyloid25-35 (50 |j,M) increased ROS production and
lipid peroxidation in rat brain non-synaptic mitochondria (Zhang et al. 2006). (3amyloid 2 5 -3 5 increased the levels o f free fatty acids (a marker o f lipid peroxidation) in
gerbil synaptosomes and this increase was prevented by the antioxidant vitamin E
(Koppal et al. 1998). Consequently, the increased ROS production induced by 500 nM
(3-amyloid 1-42 in this study correlates with the widespread observations o f (3-amyloidinduced accumulation of ROS.

It is unclear, at present, how (3-amyloid 1.42 increases ROS, however, a number of
mechanisms and explanations are proposed in this report. One main explanation
involves inhibition of the electron transport chain, which results in the transfer of
electrons from the electron transport chain to O 2 , generating superoxide radicals.
Complex IV was decreased by 14 - 18% by 500 nM (3-amyloidu42 in this study.
However, in guinea pig cortical synaptosomes, complex IV inhibition o f ~ 70% was
required before increased generation o f ROS was observed (Sipos et al. 2003a).
According to this finding, the level of complex IV inhibition found in the present study
is not high enough to generate ROS, so there must be other factors involved in the
generation o f ROS by (3-amyloidi.42. It may be the case that the complex IV threshold
for ROS production is lower in the presence of (3-amyloid 1.42 due to (3-amyloidi.42induced mitochondrial dysfunction such as depolarisation o f Aipm, which may bring
about increased formation o f H 2 O 2 at lower levels o f complex IV inhibition, below the
previously reported threshold level. The complex IV inhibitor, azide, induced increased
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ROS production in rat hepatocytes by facilitating ROS generation at com plex I and
com plex III (Dawson et al. 1993). It is possible that a sim ilar mechanism occurred with
(3-amyloidi.42 in this study with the inhibition o f com plex IV forcing electrons back on
to com plex I and com plex III w here ROS could be formed. In addition, azide induced
im paired learning and m emory when adm inistered to rats, im plying that the ability to
inhibit com plex IV may lead, along w ith other cellular alterations, to further neuronal
problem s (Callaway et al. 2002, Cassarino & Bennett 1999).

A nother system by w hich (^-amyloid may be increasing ROS formation is by affecting
H202-forming and HaOi-consum ing enzymes. A recent study by Kaminsky & Kosenko
(2008) found that intracerebroventricular infusion o f (3-amyloidi.4o resulted in increased
activities o f H202-forming enzym es, such as M n-SOD, and reductions in the activities
o f H 2 0 2 -consuming enzym es, such as glutathione peroxidase and catalase, with overall
increased

H 2 O 2 production

in

rat

brain

neocortex

non-synaptic

mitochondria.

Consequently, increased ROS may be due to altered activities o f the enzym es that form
and clear H 2 O 2 , as well as decreased com plex IV activity. An additional explanation for
increased oxidative stress caused by (3-amyloid is based on the increased ROS
formation being mediated by increased Ca^^ levels, whereby |3-amyloid creates pores in
the neuronal membranes allowing an influx o f Ca^^, which causes Aipm depolarisation
and inhibition o f the electron transport chain, resulting in increased ROS generation
(Kaminsky & Kosenko 2008).

A recently proposed consequence o f increased ROS generation by |3-amyloid is that this
may increase the levels o f the (3-amyloid protein, initiating a vicious cycle, which will
result in increasing cellular damage. Findings that support this include the observation
that H 2 O 2 elevated (3-amyloid levels in foetal guinea pig neurons and that transgenic
A PP-m utant mice, deficient in M n-SO D showed increased (3-amyloid levels and plaque
deposition (Li et al. 2004, Ohyagi et al. 2000).

M aintenance o f the ATpm is crucial to the correct functioning o f mitochondria. Ai|)rn
controls the synthesis o f ATP, accum ulation o f Ca^^ Ca^^ by m itochondria and possibly
the formation o f ROS (Nicholls & Ferguson, 2002). The JC-1 590 nm/535 nm ratio is a
qualitative indicator o f Axpm- Typical traces o f fluorescence readings at 535 and 590 nm
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show loss o f the 535 nm JC-1 signal after 10 min. Thus, only the results up to 10 min
were analysed. The loss o f the 535 nm signal may occur as a result o f degradation o f the
dye or from the loss o f synaptosom al integrity, as was observed in the results o f the
LDH assays in this chapter. The control synaptosom es released significantly higher
levels o f LDH after 65 m in incubation com pared to 5 min incubation. Therefore, it may
be the case that, after 1 0 - 1 5 m in incubation at 37 °C, the synaptosom es begin to lose
m em brane integrity, releasing LDH and JC-1 into the extra-synaptosom al media, with
this loss o f m em brane integrity being significant after 65 min incubation. The results
from this study show that 500 nM |3-amyloidi.42 altered Atpm when com pared to the
control. The ratio o f JC-1 aggregate (590 nm) to m onom er (535 nm) w as significantly
lower in the 500 nM |3-amyloidi.42-treated sample after 1, 5 and 10 m in incubation
periods, im plying that A\|)m was significantly low er in these samples than in the control.
Aipm plays an im portant role, along with ApH (pH gradient across the m itochondrial
inner

m em brane),

in

determ ining

the

proton-m otive

force

(A|im)

across

the

m itochondrial inner membrane. Therefore, decreases in Axpm will alter the A|im and this
may lead to decreased synthesis o f ATP. In some situations, loss o f AijJrn can be an early
event in the initiation o f apoptosis, possibly leading to death o f the cell at a later stage.

D ecreased electron flow through the electron transport chain can lead to low er levels o f
proton pum ping by the electron transport chain com plexes across the m itochondrial
inner m em brane, which can lead to reduced AajJnr Therefore, decreased com plex IV
activity caused by 500 nM P-am yloidi

.4 2

could be partly to blam e in the induction o f

lower Atj^ni- A nother issue to be considered when accounting for the decreased Ax|im by
500 nM p-am yloidi

-4 2

may be reduced provision o f substrates to the m itochondria.

Previous studies have shown (3-amyloid can decrease the activities o f aK G D H and PDH
(Canevari et al. 2004, Casley et al. 2002) causing reduced supply o f substrates to the
citric acid cycle in the m itochondrial m atrix, which may result in the loss o f Ax|)m.

There are reports o f (3-amyloid inducing depolarisation o f Aij^m in isolated m itochondria
and in cell cultures. (3-amyloid25-35 (50 |j.M) induced Atpm depolarisation in rat brain
non-synaptic m itochondria (Zhang et al. 2006). Treatm ent o f hum an foetal cortical
neurons w ith soluble low m olecular w eight (3-amyloid oligomers caused depolarisation
o f AijJm (Deshpande et al. 2006). D issipation o f Aipm was reported in AD cybrids and
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both (3-am yloid 25-35 and (3-am yloid 1.42 brought about reduced

in PC-12 cells

(Cardoso et al. 2004, Pereira et al. 1998). The results found in the present study concur
w ith these observations o f decreased Axpm-

In this study, it is unclear if |3 -am yloidi .42 can get across the synaptosomal membrane
and gain access to the mitochondria. There have been suggestions that (3-am yloid 1.42 can
bind to a num ber o f receptors on the cell surface (Yan et al. 1996, Coraci et al. 2002,
Bam berger et al. 2003). Exam ples o f these receptors are CD47, CD36 and receptor for
advanced glycation end products (RAGE) (Yan et al. 1996, Coraci et al. 2002,
Bam berger et al. 2003). (3 -am yloid 1.42 may induce deleterious dow nstream effects by
binding to and activating these receptors. Results from the LDH assay in the current
study show that the integrity o f the synaptosomal mem.branes was reduced over time.
Therefore, it m ay be the case that (3 -am yloidi .42 could have access to a sub-population
o f synaptosom es whose m em brane integrity has been reduced, allowing the (3-amyloid 1.
42 to reach the m itochondria and cause im pairm ent o f m itochondrial function in these
synaptosomes. Supporting this idea is the observation that P-amyloidi.42 induced low
levels o f synaptosom al dysfunction in the present study, which may be as a result o f low
levels o f synaptosom es with com prom ised membrane integrity. This could be
investigated further by perform ing a digitonin titration to determ ine the leakiness o f the
synaptosom es and by carrying out the digitonin titration in the presence and absence o f
(3-am yloidi .42 to determ ine if high digitonin caused higher levels o f (3 -amyloidi_ 42induced m itochondrial im pairm ent. It may be the case that (3-am yloid 1.42 can cause more
damage to m itochondrial function than reported in this study, but it does not do so
because it can only gain access to m itochondria in synaptosom es with damaged
membranes.

The highest concentration o f (3 -am yloidi .42 used experim entally in this study was 500

nM because the stock concentration was too low to go above 500 nM. The critical
concentration o f (3 -am yloidi .42 was shown to be 20 ^iM (Harper & Lansbury 1997).
Therefore, the stock concentration o f (3 -am yloidi _42 was maintained below 20 i^M so as
to prevent aggregation from occurring. The physiological concentration o f (3 -amyloid is
an im portant factor in interpreting the results found here. There is no clear evidence
elucidating the in vivo concentrations o f (3-amyloid, however, there is some relevant
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inform ation on the subject. The circulating concentration o f (3-amyloid in the
cerebrospinal fluid is 1 -

6

nM in AD patients and controls (Gelfanova et al. 2007), the

concentration in the cerebrospinal fluid o f Tg2576 mice (transgenic anim al model o f
hum an AD) is 5 nM (Lanz et al. 2003), the total content o f amyloid peptides in the
A lzheim er brain is between 12.7 and 40.8 nm ol/g wet tissue and the concentration o f
extracellular |3-amyloid that is toxic to cells in culture is 2 |o,M for p-am yloidi .4 2
(Aleardi et al. 2005). 500 nM , the concentration o f |3-amyloid that had deleterious
effects on m itochondrial function in this report, is at least one hundred tim es greater
than the circulating cerebrospinal fluid concentration. However, many studies have used
concentrations as m uch as one hundred tim es higher again, in the m icrom olar range,
and there are argum ents supporting such high concentration usage. (3-amyloid is highly
hydrophobic and therefore it is located preferentially in m em braneous parts o f the cell
e.g. the m itochondria, w here it may reach high concentrations (Fem andez-V izarra et al.
2004). A dditionally, the proteases that cleave APP to produce (3-amyloid are located in
the m itochondria and endoplasm ic reticulum , and APP is targeted to the m itochondria
so (3-amyloid could be form ed at high concentrations in the m itochondrial m em branes
(A nandatheerthavarada et al. 2003, H ansson et al. 2004). Another argum ent that
supports high m itochondrial levels o f (3-amyloid is the occurrence o f many contact sites
between m itochondria and the endoplasm ic reticulum and Golgi apparatus, w here (3am yloid is generated in disease. A num ber o f other mitochondrial studies in this field
use concentrations o f P-am yloid as high as

100

(iM.

The neurotoxic form o f (3-amyloid is yet to be clearly identified, with the soluble low
m olecular w eight oligom ers being the m ost likely offender. A rising from the
observations that soluble low m olecular w eight oligomeric |3-amyloid, soluble higher
m olecular w eight (3-amyloid and fibrillar ^-am yloid all had neurotoxic effects on
cortical neurons but to different degrees and along different time courses, D eshpande et
al (2006) proposed that alternative conform ations o f (3-amyloid may be im plicated in
AD along different pathw ays with different tim e patterns. Therefore, num erous,
possibly all, form s o f |3-amyloid may cause neuronal dam age but at various stages and
to different extents.

To summarise, soluble (3-amyloid may im pose some o f its neurotoxic effects through
im pairm ent o f m itochondrial function. D im inished com plex IV activity will give rise to
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reduced electron flow along the electron transport chain, which can result in decreased
availability o f ATP for the cell due to reduced synthesis by ATP synthase. Decreased
electron flow may also lead to reduced proton pumping across the mitochondrial inner
membrane, which, on its own or in conjunction with reduced substrate supply due to
inhibition o f aK G D H and PDH, may bring about depolarisation o f the Axpm- Inhibition
o f the electron transport chain can lead to backing up o f electrons to complexes I and
III, which may be one o f the mechanisms that gives rise to increased accumulation of
ROS leading to cellular oxidative stress. Therefore, the results from this study suggest
that soluble (3-amyloid is a mitochondrial toxin in in situ mitochondria in rat brain
synaptosomes.
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General Discussion
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7.1 General discussion

Mitochondrial dysfunction is thought to play a central role in a number of
neurodegenerative disorders such as AD, PD and HD. The general aims o f the
experiments reported in this thesis were to elucidate the control that the electron transfer
chain complexes have on mitochondrial function, such as respiration and ROS, in nerve
terminal endings. MCA was used to examine the control possessed by complex I,
complex II/IIl and complex IV on oxygen consumption in rat brain synaptosomes. This
information can be used to facilitate the understanding o f the impact o f the respiratory
chain complex deficiencies characteristic o f AD and PD on mitochondrial function.

It has been shown that complex I activity is reduced by 30 - 40% in the Parkinsonian
brain post-mortem (Schapira et al. 1990, Parker et al. 2007). Degeneration of
dopaminergic neurons in PD may commence at the nerve terminals. Therefore,
understanding how the activity o f complex 1 controls the process o f oxygen
consumption in the nerve terminals is important. The results obtained in Chapter 3 of
this report show that complex I is the major controlling step of the electron transport
chain complexes over synaptosomal oxygen consumption. Complex 1 possessed the
highest level o f control o f the complexes examined, with a flux control coefficient of
0.30, compared to that for complex II/III of 0.20 (when titrated with myxothiazol) and
0.21 (when titrated with antimycin A) and that for complex IV of 0.08. The inhibition
threshold for complex I (~ 10%) was lower than those for complex Il/III (20 - 30%) and
complex IV (50 - 65%). These results indicate that complex I deficiencies may be more
likely to induce impairment o f mitochondrial function and possibly compromise cellular
function than complex II/IIl or complex IV deficiencies.

The complex I inhibition threshold implies that inhibition o f complex I activity above 10% would be expected to have detrimental effects on oxygen consumption. Other
studies can be utilised to help predict the overall effects o f the complex I deficiency on
mitochondrial function in PD. Complex I is a crucial site of ROS generation in
mitochondria. Reduction o f complex 1 activity by ~ 16% resulted in increased levels of
ROS production in guinea pig synaptosomes (Sipos et al. 2003a). Complex I activity is
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essential in maintaining A\|)m under conditions o f H 2 0 2 -induced oxidative stress in
guinea pig synaptosom es (C hinopoulos et al. 1999). Therefore, reduced com plex I
activity and increased ROS levels could lead to depolarisation o f

This correlates

w ith the observations that above ~ 20% com plex 1 inhibition, significant
depolarisation occurs in resting rat brain synaptosom es (Kilbride et al. 2008).
Furtherm ore, above ~ 40% com plex I inhibition glutamate release increases and ATP
levels are reduced in depolarised rat brain synaptosomes (Kilbride et al. 2008).
Therefore, com plex I inhibition, even at a low level (as in PD), could initially impair
oxygen consum ption in the nerve term inals, with elevated levels o f com plex 1 inhibition
resulting in dow nstream consequences such as A^|)rn depolarisation, increased glutam ate
release, reduced ATP levels and increased oxidative stress, possibly resulting in serious
deleterious consequences for overall cellular function.

The low er com plex I threshold determ ined for synaptic m itochondria (~ 25%) com pared
to that for non-synaptic m itochondria (~ 70%>), along with the low com plex I threshold
in synaptosom es (~ 10%>) may suggest that m itochondria located in the nerve term inals
could be more susceptible to dam age as a result o f com plex I activity deficiency.
Therefore, it may be postulated that the damage to the dopam inergic neurons starts at
the nerve term inals because o f the deleterious effects o f the com plex 1 deficiency.

Certain factors, such as the bioenergetic state and the level o f antioxidants, may
influence inhibition thresholds. In normal P C -12 cells the oxygen respiration com plex 1
threshold was determ ined as being 30 - 40 %. However, when these cells were depleted
o f the antioxidant, glutathione (w ith L-buthionine sulfoxim ine, L -BSO), the com plex I
threshold was abolished (Davey et al. 1998), showing that glutathione may be im portant
in m aintaining the com plex 1 threshold. This may be relevant in PD because reduced
levels o f glutathione have been reported in the Parkinsonian brain (Perry et al. 1982,
Perry & Yong 1986).

A n apparent lower threshold for com plex Il/III was found when antim ycin A was used
to inhibit com plex III than w hen myxothiazol was used. This may be related to the
different sites o f action o f these two inhibitors. A ntim ycin A m ight be expected to
generate higher levels o f ROS than myxothiazol (Boveris & Chance 1973, Turrens
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1997, Lambert & Brand 2004). In Chapter 5 o f this study, the effects o f myxothiazol
and antimycin A on H2 O 2 production were investigated. Even though the synaptosomes
were incubated with antimycin A and myxothiazol for a short time ( 6 - 7

min),

antimycin A induced greater increases in H2 O 2 production than myxothiazol. Therefore,
increased ROS by antimycin A may partly account for the apparent lower complex II/III
threshold with antimycin A compared to that found with myxothiazol.

Complex IV activity is reduced in the Alzheimer brain post-mortem by 30 - 50%
(Maurer et al. 2000, Kish et al. 1992). Increasing evidence supports |3-amyloid as being
a neurotoxic species in the pathogenesis o f AD and numerous reports have shown that
|3-amyloid can impair complex IV activity. In this report, soluble |3-amyloid].42 reduced
complex IV activity by 14 - 18% in rat brain synaptosomes, which is lower than the
complex IV deficiency found in AD. However, other studies have shown that higher
concentrations o f (3-amyloidi.42 and |3-amyloid25-35 can reduce complex IV activity by
37 - 60% (Canevari et al. 1999, Parks et al. 2001, Crouch et al. 2005). It is not clear as
o f yet whether the complex IV deficiency in the Alzheimer brain is extensive enough to
cause more serious mitochondrial impairment and downstream cellular dysfimction.
The complex inhibition threshold results obtained in Chapter 3 can be considered when
attempting to determine the expected consequences o f complex IV reductions on
mitochondrial and cellular function. Complex IV must be inhibited by 50 - 65 % before
a deleterious effect is seen on oxygen consumption in rat brain synaptosomes.
Therefore, the 14 - 18% decrease in complex IV activity induced by (3-amyloid and the
30 - 50% decrease observed in AD would not appear to be sufficient to decrease
oxygen consumption significantly. Results o f oxygen electrode experiments show that
|3-amyloidi-42 did not affect synaptosomal oxygen consumption rates over 6 or 120 min
incubation periods, therefore correlating with the inhibition threshold obtained in
Chapter 3. As a result, other factors, such as |3-amyloid-induced increased ROS
production and depolarisation o f A\j)rn, as shown in this report, may be involved in the
mitochondrial and cellular degeneration in AD.

In addition to mitochondrial dysfunction, another pathogenic aspect that links AD, PD
and HD is the concept that soluble oligomers derived from amyloidogenic proteins may
be the primary toxic species in these disorders: (3-amyloid in AD, a-synuclein in PD and
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huntingtin in HD. These amyloids exist in a number o f different forms, such as
monomers, dimers, trim.ers, soluble oligomers, protofibrils and fibrillar aggregates and
the soluble oligomers o f these proteins show a common conformation-dependent
structure that is unique to the soluble amyloid oligomers (Kayed et al. 2003). Therefore,
it has been suggested that these soluble amyloids, may proceed by similar pathogenic
mechanisms because o f this structure. Deshpande et al (2006) propose that a number o f
different forms o f (3-amyloid may contribute to the pathogenicity o f the disease but by
different mechanisms and along different time courses. Thus, a similar situation may
occur with a-synuclein in PD and huntingtin in HD. Certainly, the results in this report
support soluble |3-amyloid as being a toxic agent in the pathogenesis o f AD, because of
its ability to induce mitochondrial impairment.

There are current debates on the structure and organisation o f the respiratory chain in
the mitochondrial inner membrane, with the new theory o f the existence o f
supercomplexes challenging the random collision theory of the 1980s (Hackenbrock et
al. 1986). Supercomplexes are multi-complex units, formed by specific clustering o f the
electron transport chain complexes. The existence o f supercomplexes is supported by
structural evidence from Blue-Native electrophoresis experiments showing that
complexes I, III and IV can be assembled into supercomplexes (Schagger 2002, Stroh et
al. 2004). Examples of supercomplexes that have been identified so far include I 1 III2 ,
I 1 III 2 IV 1 and I 1 III2 IV 2 . Differences in the supercomplex compositions have been found
between species and between tissues.

MCA was employed to investigate the existence o f supercomplexes, resulting in the
suggestion that complex I and complex III behave as a single enzyme in submitochondrial bovine heart mitochondria, because their flux control coefficients over
the process o f NADH oxidation were close to 1.0, when examined without any
influence from other sources such as adenine nucleotide carrier, Aipm, ATP synthase and
certain carriers (Bianchi et al. 2004, Genova et al. 2008). Piccoli et al (2006) suggest
that it may be a combination o f both the theory o f random collisions and the existence
o f supercomplexes that mostly resembles the natural situation, with cycling between the
two states depending on the energy state o f the mitochondria. They postulate that in
resting mitochondria complex IV may have less control because its deficit may not be
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as striking however, a change in the spread o f control may alter its control o f
m itochondrial oxygen consumption. Therefore, the form ation o f supercom plexes may
be partly responsible for the variation in flux control coefficient values found for the
com plexes in different tissues, energy states and experimental conditions.

Phospholipids, especially cardiolipin, may play central roles in the form ation o f
supercomplexes. They may create a hydrophobic environm ent allowing the interactions
between com plexes to occur and may stabilise the supercomplexes. 90% o f com plex III
and com plex IV were not organised into supercomplexes in cardiolipin deficient yeast
(Pfeiffer et al. 2003), thereby indicating the im portance o f cardiolipin in this process.
Piccoli et al (2006) suggest that cardiolipin may act as a sensor o f the energy state o f
the m itochondria and w here necessary facilitate the formation o f supercomplexes.

M CA can be useful w hen determ ining the effects o f drugs on mitochondrial function.
Any alterations in the spread o f the control o f the respiratory chain com plexes on
mitochondria]

function can be identified. Decylubiquinone reduced the control

possessed by com plex I/III on synaptosomal oxygen consum ption when titrated with
com plex I inhibitor rotenone and appeared to induce some protective effects on the
com plex I threshold. Therefore, decylubiquinone may have the potential to alleviate
com plex I deficiencies by protecting oxygen consum ption as com plex I inhibition
increases. In addition, decylubiquinone appeared to increase the com plex I/III, complex
II/III and com plex III inhibition thresholds, which may suggest potential protective
effects in diseases involving com plex III deficiencies, however, this effect may only be
relevant when myxothiazol is present.

When all o f the effects o f decylubiquinone from this report and from the literature are
considered together, doubts need to be raised as to its safety as a drug. It may have had
beneficial effects, such as increasing com plex I/III and com plex II/III activities,
protection o f synaptosom al oxygen consum ption against insult by m yxothiazol,
increasing o f com plexes I/III, II/III and III inhibition thresholds and restoration o f
respiration (James et al. 2005), however, the observations that decylubiquinone elevated
superoxide levels in bovine subm itochondrial particles (G enova et al. 2003) and
increased H 2 O 2 production in rat brain synaptosom es could prove too problem atic for
cell survival. There are volum es o f evidence showing that ROS and oxidative stress can
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have detrim ental effects on m itochondrial and cellular function (Zhang et al. 1990,
Cardoso et al. 1999, Friberg & W ieloch 2002, W hittem ore et al. 1994), therefore, it
may not be beneficial to introduce an agent with pro-oxidant abilities.

It is evident from the literature that num erous characteristics o f the ubiquinone
analogues, including structural aspects, can affect their actions on cellular function.
H ydrophobicity o f the ubiquinone analogues is an issue that needs to be considered
w hen exam ining the potential o f ubiquinone analogues. The higher the level o f
hydrophobicity o f the m olecule the m ore it will travel to and be inserted into
phospholipid bilayers. U biquinone hydrophobicity majorly influenced the extent o f the
reactions o f ubiquinone analogues (such as coenzym e Qi, coenzym e Q 2 , coenzyme Qe,
decylubiquinone, M itoQ and M itoQ analogues) w ith oxidative phosphorylation and
with RO S-generating and RO S-clearing m echanism s (James et al. 2005). In addition, to
hydrophobicity, the isoprenoid tail may play an im portant role in determ ining the
activities o f the ubiquinone analogues. A study by W alter et al (2000) showed that
m inor alterations in the isoprenoid chain o f quinones can turn an inhibitor o f the
opening o f PTP into an inducer o f PTP opening. It has been suggested that the
isoprenoid tail may be essential for the trafficking o f ubiquinones because only
ubiquinone analogues w ith isoprenoid tails, such as coenzym e Qi, coenzyme Q 2 and
coenzym e Qe were effective in restoring non-ferm entative growth in yeast that were
deficient

o f ubiquinone,

w hereas

simple

saturated

carbon

chained

ubiquinone

analogues, such as decylubiquinone and idebenone, had no effect (James et al. 2005).
This w as not as a result o f passive diffusion because coenzym e Qe is m uch more
hydrophobic than decylubiquinone. Coenzym e Qe diffused through m em brane much
slower than decylubiquinone or idebenone.

In addition, the concentration o f decylubiquinone appears to be important. The highest
concentration o f decylubiquinone used in this study (100 |J.M) decreased com plex I
activity, w hereas the lower concentrations (up to 50 |iM ) did not alter com plex I
activity. Therefore, the use o f 100 (iM decylubiquinone to treat com plex I deficiencies
could com pound the condition rather than im prove it. But then again, idebenone is a
potent inhibitor o f com plex I under m ost assay conditions (Lenaz et al. 1975) and does
not induce cellular dysfunction in cultured cells, nor has it any side effects in clinical
trials (Di Prospero et al. 2007).
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In addition, the redox state o f the ubiquinone analogues can be an influential factor in
determ ining its actions. In order for ubiquinones to im pose antioxidant effects, they
m ust be in their reduced ubiquinol form. M itoQ has been shown to be an effective
antioxidant (Kelso et al. 2001, Jam es et al. 2005). It is thought that M itoQ acts as an
antioxidant in its reduced form and it rem ains predom inantly in its reduced form
because it is sterically hindered by it TPP moiety from being oxidised by com plex III.

7.2 Future Work

Further investigations into the effects o f decylubiquinone on m itochondrial and cellular
functions are required. Experim ents could be perform ed exam ining the effects o f
decylubiquinone on

and intracellular Ca^"^ levels. In this study, decylubiquinone

increased H 2 O 2 production in rat brain synaptosomes. The m echanism by w hich this
occurs is unclear and could be investigated further. It may be the case that even though
decylubiquinone increases H 2 O 2 production, this may not have detrim ental effects on
cellular function because the antioxidant defenses o f the cell, e.g. SOD, may be large
enough to com bat the increases in H 2 O 2 production, allowing the cells to benefit from
the advantageous effects o f decylubiquinone without increased oxidative stress. It has
been reported that another ubiquinone analogue, idebenone increased ROS in vitro
(G enova et al. 2003) but it has not shown deleterious effects in clinical trials, up to 75
m g/kg

was

w ell-tolerated

by

patients

(Di

Prospero

et al.

2007).

Therefore,

decylubiqunone-induced increased H 2 O 2 production may not be an issue in treating
diseases and further experiments may be carried out to investigate this.

In addition, the m echanism by which decylubiquinone increases synaptosomal oxygen
consum ption at higher concentrations o f myxothiazol could be exam ined to determ ine if
the protective effect o f decylubiquinone on the thresholds o f com plexes I/III, II/III and
III is relevant for com plex III deficiencies or solely exists in the presence o f
m yxothiazol. The effects o f decylubiquinone at higher concentrations o f other complex
III inhibitors such as antim ycin A could be investigated to determ ine if the same
observation is obtained. Stigm atellin binds at the same location in com plex III as
myxothiazol, so its use could help determ ine if decylubiquinol is com peting with
inhibitors for binding at this site.

237

F u r t h e r i n v e s t i g a t i o n s c o u l d b e p e r f o r m e d w i t h s o l u b l e (3- a m y l o i d i .42 t o g a i n a c l e a r e r
p i c t u r e o f i t s e f f e c t s o n m i t o c h o n d r i a l f u n c t i o n . T h e e f f e c t s o f s o l u b l e P -a m y lo id i.4 2 o n
a K G D H , P D H , I C D H a c t i v i t i e s in r a t b r a i n s y n a p t o s o m e s c o u l d b e c a r r i e d o u t , b e c a u s e
t h e s e e n z y m e s a r e r e d u c e d i n t h e A l z h e i m e r b r a i n a n d t h e y a r e r e s p o n s i b l e f o r th e
m e ta b o lis m

o f c e r t a i n r e s p i r a t o r y c h a i n s u b s t r a t e s . I n a d d i t i o n , e f f e c t s o f s o l u b l e (3-

a m y lo id i- 4 2 o n i n t r a c e l l u l a r C a ^ ^ l e v e l s in th e s y n a p t o s o m e s c o u l d b e p e r f o r m e d to
p o s s i b l y h e l p d e t e r m i n e t h e m e c h a n i s m s b y w h i c h s o l u b l e p - a m y lo id i.4 2 h a s d e l e t e r i o u s
e f f e c t s o n m i t o c h o n d r i a l f u n c t i o n . F i n a l l y , t h e e f f e c t s o f (3- a m y l o i d i .42 o n c o m p l e x V
c o u ld

be

e x a m in e d

to

in v e s tig a te

i f P -a m y lo id i.4 2

can

a ffe c t c e llu la r f u n c tio n

r e d u c i n g A T P s y n t h e s i s a n d t h u s A T P a v a i l a b i l i t y to t h e c e ll.
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Metabolic control analysis was used to determine the spread
of control exerted by the electron transport chain complexes
over oxygen consumption rates in the nerve terminal. Oxygen
consumption rates and electron transport chain complex activ
ities were titrated with appropriate inhibitors to determine the
flux control coefficients and the inhibition thresholds in rat
brain synaptosomes. The flux control coefficients for complex I,
complex II/I I I , complex III, and complex IV were found to be
0.30 ± 0.07, 0.20 ± 0.03, 0.20 ± 0.05, and 0.08 ± 0.05, respec
tively. Inhibition thresholds for complex I, complex I I / I I I , com
plex III, and complex IV activities were determined to be ~10,
~30, ~35, and 50-65% , respectively, before major changes in
oxygen consumption rates were observed. These results indicate
that, of the electron transport chain components, complex I
exerts a high level of control over synaptosomal bioenergetics,
suggesting that complex I deficiencies that are present in neurodegenerative disorders, such as Parkinson disease, are suffi
cient to compromise oxygen consumption in the synaptosomal
model of the nerve terminal.

men (~62% ) and caudate nucleus ( —30%) in mitochondrial
membranes (3, 6).
Using a metabolic control analysis approach, respiratory
chain complexes were found to have different flux control coef
ficient (FCC) values and inhibition threshold levels depending
on the tissue source (9,10). The FCC is a measure of the control
exerted by an individual ETC complex over oxidative phospho
rylation. Metabolic control analysis studies have been per
formed on isolated synaptic and nonsynaptic rat brain mito
chondria (9 -1 3 ). However, these studies do not take into
account channeling of respiratory substrates to the mitochon
dria inside a neuron or nerve terminal, which may possibly lead
to differences in energy states when compared with in vivo
mitochondria.
This paper determined the FCCs and inhibition thresholds
for complex I, complex II/II I, complex III (EC 1.10.2.2), and
complex IV over the control of oxygen consumption in in situ
mitochondria in rat brain synaptosomes.

EXPERIMENTAL PROCEDURES

M aterials —Female Wistar rats ( —250 g) were provided by
Decreased electron transport chain (ETC)^ complex activi
ties in mitochondria have been implicated in the pathogenesis
of numerous neurodegenerative disorders, such as Alzheimer
disease, Parkinson disease (PD), and Huntington disease (1 -6 ).
Complex I (EC 1.6.5.3) activity is decreased by 3 0 -4 0 % in the
substantia nigra region of the parkinsonian brain postmortem
(4). More recently, it was found that complex I is reduced in the
frontal cortex of the PD brain (5). This finding, together with
the observations of a mutation in the mitochondrial D N A
encoding the N D 5 subunit of complex I, has lead to sugges
tions that the complex I decrease may be evident throughout
the parkinsonian brain (7, 8). Postmortem studies on the
Alzheimer brain found that complex IV (EC 1.9.3.1) activity
was reduced by —27% in the cerebral cortex, by ~37% in the
temporal cortex, and by ~52% in the hippocampus (1, 2).
Examination of the respiratory chain complexes in the brains
of Huntington disease patients showed decreased complex
I I / I I I (EC 1.8.3.1) activity in the caudate ( —29%) and putamen (~67% ) and reduced complex IV activity in the puta-

* This work was supported in part by PRTLI, Science Foundation Ireland, and
Marie Curie Transfer of Knowledge Grant MTKD-CT-2005-030005.
’ To w hom correspondence should be addressed: Trinity College Institute of
Neuroscience, Trinity College Dublin, Dublin 2, Ireland. Tel.: 35318968408;
Fax: 35316772400; E-mail: gdavey@tcd.ie.
^ The abbreviations used are: ETC, electron transport chain; FCC, flux control
coefficient; PD, Parkinson disease.
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the Bioresources Unit, Biochemistry Department, Trinity Col
lege, Dublin, Ireland. Chemicals were supplied by Sigma or by
BDH, Dagenham, Essex, UK.
Preparation of Synaptosomes —The method of synaptosome
preparation was based on that by Lai and Clark (14). Two
female Wistar rats were killed by cervical dislocation, and the
brains were chopped, rinsed, and homogenized using glass
Kontes homogenizing tube in STE buffer (320 mM sucrose, 10
mM Tris, 1 mM EDTA, pH 7.4) at 4 °C. The samples were cen
trifuged at 3,000 rpm for 3 min. Subsequently the supernatants
were centrifuged at 10,000 rpm for 10 min. The pellets were
resuspended and placed on a discontinuous Ficoll gradient and
were centrifuged in an ultracentrifuge at 28,000 rpm for 45 min
at 4 °C. Synaptosomes were removed from the Ficoll gradient,
were resuspended in STE buffer, and were stored on ice. The
protein concentration was calculated using the method of
Bradford (15) with bovine serum albumin as the reference
standard.
Oxygen Consumption Experiments—The rate of synaptosomal
oxygen consumption (JO 2 ) was determined using a Clarktype oxygen electrode. Synaptosomes (1 m g/m l) were incu
bated in Krebs buffer (3 m M KCl, 140 m M N aC l, 25 m M TrisH C l, 10 m M glucose, 2 m M M g C l 2 , 2 m M CaCl 2 , pH 7.4) at
37 °C in the reaction chamber, and the appropriate inhibitor
was added, giving a final volume of 3 ml. The inhibitors were
chosen according to the complex of interest; rotenone was
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used to in h ib it com plex I a ctiv ity , m yxo th ia zo l to in h ib it
com plex I I / I I I and com plex I I I activitie s, and K C N to in h ib it
com plex IV a ctivity. The rates o f oxygen co n su m p tio n were
m o n ito re d fo r 6 - 7 m in before the reaction was stopped, and
the samples were stored at —80 °C fo r sp e ctro p h o to m e tric
exam ination o f com plex activities.
Electron Transport Chain Assays—The samples prepared
from the oxygen consum ption experiments were freeze-fractured three times using liq u id nitrogen and were examined fo r
the ir corresponding complex activity. A ll assays were per
form ed on a Cary U V spectrophotom eter at 37 °C.
The m ethod used to measure com plex I activity was based on
a m odification o f the m ethod o f Ragan et al. (16), w hich
involved m o nitorin g the oxidation o f N A D H at 340 nm. 100 fx%
o f synaptosomes were added to plastic cuvettes containing
reaction buffer (10 mM M g C l 2 and 25 mivt potassium phosphate,
pH 7,4) 0,15 mM N A D H , 2.5 mg o f bovine serum album in, and
1 mM KC N , giving a final volum e o f 1 m l. D ecylubiquinone (50
/xm) was added to start the reaction, and the rates were m o n i
tored fo r 7 - 8 m in. Rotenone (10 fxu) was added to obtain the
rotenone-insensitive rate for a fu rth e r 5 - 6 m in.
Com plex I I / I I I activity was determ ined using a m odification
o f the m ethod o f K ing (17), w hich followed the reduction o f
cytochrom e c at 550 nm. Samples (50 jag o f synaptosomal p ro 
tein) were added to plastic cuvettes containing buffer (100 mM
potassium phosphate, 0.3 mM potassium -EDTA, p H 7.4), 1 mM
KCN, and 100 jaM cytochrom e c w ith a final volum e o f 1 ml. The
reaction was initiated by the addition o f succinate (20 mM).
A fte r 7 - 8 m in, m yxothiazol (1 jaM) was added to determ ine the
m yxothiazol-insensitive rate.
Com plex III activity was examined using an assay based on
the method o f Ragan etal. (16), w hich m onitored the oxidation
o f decylubiquinol as an increase in absorbance at 550 nm . Decylub iq uino l was prepared fro m the reduction o f decylubiqui
none w ith sodium borohydride and extraction in cyclohexane,
dried under nitrogen. The reaction m ixtu re consisted o f 25 mM
potassium phosphate, 5 mM M g C l 2 , pH 7.2, 2.5 m g /m l bovine
serum album in, 1 mM KCN, 100 ixm oxidized cytochrom e c, 600
jLtM «-dodecyl jS-maltoside, 35 ixm decylubiquinol, and 10 [xm
rotenone in 1-m l plastic cuvettes. The reaction was started by
the addition o f 50 jxg o f synaptosomal samples, and the rates
were follow ed for 7 - 8 m in. A few grains o f ascorbate were
added to reduce the rem aining cytochrom e c. The results were
expressed as first-ord er decay rate constants (k).
The activity o f com plex IV was determ ined using the m ethod
o f W h arton and Tzagoloff (18), w hich m onitored the oxidation
o f cytochrom e c by com plex IV as a decrease in absorbance at
550 nm. Cytochrom e c was reduced w ith ascorbic acid and
passed through a PD^q gel filtra tio n colum n. The assay cuvettes
contained 50 fXM reduced cytochrom e c and 100
o f potas
sium phosphate buffer (100 mM), pH 7.0, w ith a final volum e o f
1 m l made up w ith water. The reaction was initiated by the
addition o f 50 fxg o f synaptosomes. The results were expressed
as first-ord er decay rate constants (k).
Calculation of Flux Control Coefficients—M etabolic control
analysis (19, 20) was used to determ ine the FCCs fo r the com 
plexes o f interest (Equation 1).
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FIGURE 1. Rotenone titration of synaptosomal oxygen consumption and
complex I activity. Rat brain synaptosomes were incubated with a series of
concentrations of rotenone (0-10 jU.M) in Krebs buffer at 37 °C. The rates of
oxygen consumption ( • ) were measured for 6 -7 min. Samples were freezefractured, and complex I activity (O) was determined. Oxygen consumption
and complex I activity were expressed as percentages o f their controls (3.92 ±
0.12 nmol O j/m in/m g and 38.8 ± 4.19 nm ol/m in/m g, respectively). Experi
ments were performed on five individual preparations, and results are
expressed as mean ± S.E. (error bars). At points where no error bar is shown,
the S.E. was w ithin the size of the symbol. Inset, the initial rates of oxygen
consumption and complex I activity, between 0 and 1 nM rotenone. The
slopes were calculated by linear regression.

FCC = (dJ02/c/(inhibitor)/d\/c/d(inhibitor))

(Eq.i)

t/J0 2 /fi^(inhibitor) is the rate o f change o f oxygen consum ption
(entire flux) at low concentrations o f the in h ib ito r, and dVcl
(^(inhibitor) is the rate o f change o f the com plex activity at low
concentrations o f the in h ib ito r. The lines fitte d to the com plex
activity and oxygen consum ption data, at low concentrations o f
in h ib ito r, generated
values above 0.9 fo r the calculations o f
FCCs.
RESULTS
Titration of Complex I Activity—Increasing concentrations
o f rotenone decreased the rate o f synaptosomal oxygen con
FI
sum ption and the activity o f com plex I (Fig. 1). Com plex I activ
ity decreased linearly to 90% over the rotenone concentration
range o f 0 -1 nM ; however, oxygen consum ption rates remained
between 100 and 97%. As the concentration o f rotenone
increased above 1 nM , both rates decreased rapidly, w ith com 
plex I activity falling more quickly than oxygen consum ption.
The FCC fo r com plex I was calculated by dividing the rate o f
oxygen consum ption, at low er concentrations o f rotenone, by
the rate o f com plex I activity, at low er concentrations o f the
in h ib ito r (Equation 1), w hich gave the FCC fo r com plex I as
0.30 ± 0.07 (Table 1). The threshold level o f com plex I in h ib i T1
tio n was determ ined fro m a curve that expressed the rate o f
synaptosomal oxygen consum ption as a fu n ction o f in h ib itio n
o f com plex I activity (Fig. 2). The com plex I in h ib itio n thresh F2
old was found to be ~10%, beyond w hich the rate o f oxygen
consum ption decreased rapidly. A t 40% com plex I in h ib itio n ,
synaptosomal oxygen consum ption was reduced by ~60%.
Titration of Complex 11/111 Activity—M yxothiazol decreased
the rate o f synaptosomal oxygen consum ption and the activity
VOLUME 2 8 4 -NUMBER ??•???? ??, 2009
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TABLE 1
Flux control coefficient values and inhibition thresholds for
complexes I, ll/lll, III, and IV in rat brain synaptosomes
FCCs and inhibition thresholds were determined using results in Figs. 1 -8 , as
explained under “Experimental Procedures.”
Respiratory chain
com plex

Flux control coefficient

100
80

Inhibition threshold

-

60

-

%

Complex
Complex
Complex
Complex

0.30
0.20
0.20
0.08

I
II/III
III
IV

±
±
±
±

0.07
0.03
0.05
0.02

-1 0
-3 0
-3 5
5 0 -6 5
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60

FIGURE 3. Myxothiazoi titration of synaptosomal oxygen consumption
and complex ll/lll activity. Rat brain synaptosomes were incubated with a
series of concentrations of myxothiazoi (0-1 /x m ) in Krebs buffer at 37 “C.The
rate of oxygen consumption ( • ) was measured for 6 - 7 min. Samples were
freeze-fractured, and complex ll/lll activity was determined (O). Oxygen con
sumption and complex ll/lll activity were expressed as percentages of their
controls (3.92 ± 0.12 nmol ± O j/m in/m g and 43.2 ± 5.2 nmol/min/mg,
respectively). Experiments were performed on five individual preparations,
and results are expressed as mean ± S.E. (error bars). At points where no error
bar is shown, the S.E. was within the size of the symbol. Inset, the initial rates
of oxygen consumption and complex ll/lll activity, between 0 and 150 nM
myxothiazoi. The slopes were calculated by linear regression.
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FIGURE 2. Low inhibition threshold for complex I in rat brain synaptosomes.
The oxygen consumption results from Fig. 1 were plotted against inhibition of
complex I activity (as % of control). Experiments were performed on five individ
ual preparations, and results are expressed as mean ± S.E. (error bars). At points
where no error bar is shown, the S.E. was within the size of the symbol.

o f com plex I I / I I I in a concentration-dependent manner (Fig. 3).
Oxygen consum ption rates remained between 100 and 96%
activity up to 150 nM m yxothiazoi, compared w ith com plex
I I / I I I activity, w hich remained between 100 and 79% (Fig. 3).
The FCC fo r com plex I I / I I I was calculated as 0.20 ± 0.03 (Table
1). The com plex I I / I I I in h ib itio n threshold was determ ined to
be —30%, beyond w hich a decline was observed in synaptoso
mal oxygen consum ption rates (Fig. 4).
Titration o f Complex III Activity —Up to 150 nM m yxothiazoi,
synaptosomal oxygen consum ption remained between 100 and
92% and com plex III activity remained between 100 and 63%
(Fig. 5), w hich gave a FCC o f 0.20 ± 0.05 (Table 1). The results
in Fig. 5 were re-plotted to generate an in h ib itio n threshold
curve fo r com plex III (Fig. 6). The com plex III in h ib itio n
threshold was ~35%.
Titration o f Complex IV Activity —As the concentration o f
K C N increased fro m 0 to 1 /olm K C N , synaptosomal oxygen
consum ption decreased fro m 100 to 96%, whereas com plex IV
activity was reduced from 100 to 56% (Fig. 7). The FCC fo r
com plex IV was calculated to be 0.08 ± 0.02 (Table 1). Using
the same sets o f results, the com plex IV in h ib itio n threshold
was determ ined to be 50 - 65%, beyond w hich the rate o f syn
aptosomal oxygen consum ption decreased rapidly (Fig. 8).
???? ??, 2009-VOLUME 284 -NUMBER ??
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FIGURE 4. Complex ll/lll inhibition threshold in rat brain synaptosomes.
The oxygen consumption results from Fig. 3 were plotted against inhibition
of complex ll/lll activity (as % of control). Experiments were performed on five
individual preparations, and results are expressed as mean ± S.E. (error bars).
At points where no error bar is shown, the S.E. was within the size of the
symbol.

DISCUSSION
Num erous parameters, such as tissue variation, differing
energy states, aging, and varying experim ental conditions can
lead to contrasting FCC values and in h ib itio n threshold levels
(9, 10, 21-23). Analysis o f FCCs fro m different tissue sources
found tha t oxidative phosphorylation in muscle and heart m ito -
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FIGURE 5. Myxothiazol titration of synaptosomal oxygen consumption
and complex III activity. Rat brain synaptosomes were incubated with a
series of concentrations of myxothiazol (0-1 p-w) in Krebs buffer at 37 °C.The
rate of oxygen consumption ( • ) was measured for 6 -7 min. Samples were
freeze-fractured, and complex III activity was determined (O). Oxygen con
sumption and complex III activity were expressed as percentages of their
controls (3.92 ± 0.12 nmol O j/m in/m g and 2.72 ± 0.12 k/min/mg, respec
tively). Experiments were performed on five individual preparations, and
results are expressed as mean ± S.E. {error bars). At points where no error bar
is shown, the S.E. was within the size of the symbol. Inset, the initial rates
of oxygen consumption and complex III activity, between 0 and 150 nM
myxothiazol. The slopes were calculated by linear regression.
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FIGURE 7. KCN titration of synaptosomal oxygen consumption and com
plex IV activity. Rat brain synaptosomes were incubated with a series of
concentrations of KCN (0-1 mM) in Krebs buffer at 37 °C. The rate of oxygen
consumption ( • ) was measured for 6 -7 min. Samples were freeze-fractured,
and complex IV activity was determined (O). Oxygen consumption and com
plex IV activity were expressed as percentages of their controls (3.92 ± 0.12
nmol O j/m in/m g and 9.01 ± 0.31 l^m in/m g, respectively). Experiments were
performed on five individual preparations, and results are expressed as
mean ± S.E. {error bars). At points where no error bar is shown, the S.E. was
within the size of the symbol. Inset, the initial rates of oxygen consumption
and complex IV activity, between 0 and 1 /am KCN. The slopes were calculated
by linear regression.
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FIGURE 6. Complex III inhibition threshold in rat brain synaptosomes. The
oxygen consumption results from Fig. 5 were plotted against inhibition of
complex III activity (as % of control). Experiments were performed on five
individual preparations, and results are expressed as mean ± S.E. {error bars).
At points where no error bar is shown, the S.E. was within the size o f the
symbol.

chondria was controlled at the level of the respiratory chain,
whereas other factors such as A TP synthase and the phosphate
carrier play larger roles, along with the respiratory chain com
plexes, in the control of oxidative phosphorylation in brain,
kidney, and liver mitochondria (9). Along with differing tissue
sources and varying energy states, age can be an additional fac-
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FIGURE 8. Complex IV inhibition threshold in rat brain synaptosomes. The
oxygen consumption results from Fig. 7 were plotted against inhibition of com
plex IV activity (as % of control). Experiments were performed on five individual
preparations, and results are expressed as mean ± S.E. {error bars). At points
where no error bar is shown, the S.E. was within the size of the symbol.

tor affecting the spread of control. Synaptosomes from young (3
months) and old (24 months) rat brains showed altered pat
terns of control among substrate oxidation, phosphorylating
system, and proton leak in maximally phosphorylating mito
chondria (23).
The results in this paper demonstrate that complex I is the
major control point of the ETC complexes for oxygen conVOLUME 284-NUMBER ??•???? ??, 2009
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sumption in nerve terminal mitochondria. The FCC value for
complex I (0.30 ± 0.07) was higher than those for complex II/III
(0.20 ± 0.03), complex III (0.20 ± 0.05), and complex IV (0.08 ±
0.02), and the complex I inhibition threshold level (—10%) was
lower than those for complex II/III (~30%), complex III
(~35%), and complex IV (50-65%). Considering the observa
tion that neuronal cells cannot function anaerobically when
operating at maximal glycolytic rates (24), impaired activity of
the respiratory chain complexes (above the threshold levels)
may reduce oxygen consumption in the nerve terminal, with
subsequent reductions in ATP (11, 12). Decreased activity of
respiratory complexes has been reported in numerous neurodegenerative disorders (1-6). The lower inhibition threshold
for complex I implies that complex I defects may have the great
est ability, of the ETC complexes examined, to induce a reduced
bioenergetic status in the nerve terminal. A 40% reduction in
complex I activity, such as that present in PD, would reduce
oxygen consumption in the nerve terminal by ~60%.
Metabolic control analysis studies performed on isolated
brain mitochondria reported a much lower complex I inhibi
tion threshold for synaptic mitochondria (—25%) than nonsynaptic mitochondria (—72%) (11,12). In this study, complex I in
the synaptosomal mitochondria was inhibited by only —10%
before a decrease in oxygen consumption was observed, which
is more in accordance with the level calculated for synaptic
mitochondria, as would be expected, because a similar sample
of mitochondria exists in isolated synaptic mitochondria prep
arations as in the synaptosomal preparations. A previous study
showed that complex I activity was 36% lower in synaptic mito
chondria than in nonsynaptic mitochondria (25), which may
somewhat explain the lower thresholds obtained in synaptic
and synaptosomal mitochondria when compared with nonsyn
aptic mitochondria. Similarly, a recent study found that com
plex I activity in C57BL/6J mouse brain synaptic mitochondria
was 45% lower than that in nonsynaptic mitochondria (26).
Above 20% complex I inhibition, the mitochondrial mem
brane potential decreased significantly in resting rat brain synaptosomes, and above 40% complex I inhibition, glutamate
release was increased, whereas ATP levels were reduced in
depolarized rat brain synaptosomes (27). Furthermore, —16%
inhibition of complex I activity has been reported to result in
increased production of reactive oxygen species in guinea pig
synaptosomes (28). Thus, adequate complex I activity appears
to be crucial for normal mitochondrial function. Those results,
examined along with the results from this study, imply that
the complex I inhibition above —10% could initially cause
decreased oxygen consumption, with greater inhibition leading
to downstream effects such as mitochondrial membrane poten
tial depolarization, glutamate release, decreased ATP levels,
and increased levels of reactive oxygen species.
In this study, the inhibition thresholds for complex II/III
and complex III were determ ined. The complex II/III inhi
bition threshold was found to be —30%, and the complex III
inhibition threshold was calculated to be —35%. The similar
inhibition thresholds obtained for complex II/III and com 
plex III imply that complex II does not exert much effect on
the complex II/III threshold and that the complex II/III
threshold is largely dependent on complex III. In addition.
???? ??, 2009-VOLUME 2 8 4 - NUMBER ??

these results suggest that determ ination of the inhibition
threshold and FCC for complex III can be performed by
examining complex II/III activity or complex III activity. The
synaptosomal complex III inhibition threshold was lower
than the thresholds reported for complex III in nonsynaptic
m itochondria (—70%) and synaptic m itochondria (—80%)
( 1 0 - 12).

The complex IV inhibition threshold in in situ mitochondria
was found to be in the range of 50-65% . The complex IV
threshold level was determined to be —70% in synaptic mito
chondria (11) and —60% in nonsynaptic mitochondria (12),
implying that complex IV possesses similar levels of control of
oxygen consumption rates in in situ mitochondria as in isolated
rat brain mitochondria. In vivo metabolic control analysis stud
ies, performed on HepG2 cells, showed that complex IV had a
lower threshold (—49%) in the absence of oligomycin (state 3
respiration), compared with a threshold of —75% in the pres
ence of oligomycin (state 4 respiration) (21). Studies have
shown that in situ synaptosomal mitochondria respire at a rate
between state 3 and state 4, with the initial rate being closer to
state 4 (29). Therefore, the synaptosomal model is more com
parable with the HepG2 cells in the presence of oligomycin.
In accordance with the results reported here, complex I pos
sessed the highest level of control of the ETC complexes in
isolated rat brain synaptic mitochondria (11). The FCCs for
complex II/III (0.20 ± 0.03) and complex III (0.20 ± 0.05) in
synaptosomal mitochondria are more compatible with the FCC
for complex III from synaptic mitochondria (0.20) than the
FCC from nonsynaptic m itochondria (0.15). The FCC for
complex IV in synaptosomes was 0.08 ± 0.02, implying that
the level of control possessed by complex IV in in situ m ito
chondria was lower than th at possessed by complex IV in
both synaptic and nonsynaptic m itochondria, with FCCs of
0.13 and 0.24, respectively.
Discrepancies between the results for isolated mitochondria
and those reported here may be partly accounted for by the
observation that isolated mitochondria were provided with a
model, such as glutamate and malate or succinate, and the
FCCs and inhibition threshold levels were determined with the
mitochondria in state 3. This is different from the synaptosomal
situation, which involves the generation of endogenous sub
strates for mitochondria from glucose through the processes of
glycolysis and the citric acid cycle.
According to the theory of metabolic control analysis, the
sum total of the FCCs of the processes involved in oxidative
phosphorylation is equal to 1. Aside from the respiratory chain
complexes, other processes that exert control over oxidative
phosphorylation are proton leak, phosphate carrier, pyruvate
carrier, ATP synthase, adenine nucleotide carrier, glycolysis,
and citric acid cycle. It is suggested from our results that the
ETC complexes exert a high level of control over oxidative
phosphorylation, considering that the FCCs for the ETC com
plexes account for 0.58 ± 0.12 of the total value.
To conclude, it is evident from the results obtained here that
complex I exerted the greatest level of control of the respiratory
chain complexes over oxygen consumption in in situ mito
chondria. Lower inhibition thresholds for complex I, complex
II/III, complex III, and complex IV imply that they are more
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tightly controlled in i n s i t u mitochondria than in the isolated
mitochondrial studies. The FCC values for the ETC com plexes
in synaptosomes show a similar pattern of control over the
process o f oxygen consum ption when compared with that in
isolated synaptic mitochondria.
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