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ABSTRACT

The availability of the antioxidant glutathione (GSH) within astrocytes and 

neurones has been suggested to protect the mitochondrial electron transport chain 

(ETC) from inactivation by reactive oxygen and nitrogen species. Since perturbed 

glutathione metabolism, increased production of reactive nitrogen species, and 

impaired mitochondrial function have been implicated in several neurological 

disorders, the effect of oxidative stress on GSH metabolism in astrocytes and 

neurones, and the consequences this has on ETC function and cell viability has 

been investigated. When cultured alone, neurones were more susceptible to ETC 

damage and cell death, compared to astrocytes, following exposure to the nitric 

oxide (NO) donor DETA-NO, or 3-hydroxy-4-pentenoic acid, a drug previously 

reported to specifically deplete mitochondrial GSH in liver. A reason for this 

maybe that the activity of glutamate-cysteine ligase, the rate-limiting enzyme in 

GSH synthesis, was increased in astrocytes but not neurones following treatment, 

and resulted in elevated GSH levels. The rate of GSH efflux and the activity of y- 

glutamyltranspeptidase (y-GT), an ectoenzyme that metabolises GSH to 

cysteinylglycine (CysGly), were also increased in astrocytes exposed to NO. The 

supply of CysGly from astrocytes has previously been shown to increase GSH 

levels in neurones when cocultured with astrocytes. This thesis has shown that the 

elevation of neuronal GSH levels relied on the release of GSH from astrocytes 

only, and does not appear to require a concomitant increase in neuronal GCL 

activity. Therefore, the increased release of GSH from astrocytes, and the activity 

of y-GT upon NO exposure, may increase the supply of CysGly to neurones in 

coculture and in vivo, and therefore give them greater protection. Interestingly, 

neurones can increase GCL activity when cultured with astrocytes that did not 

release GSH. In summary, GSH metabolism in both astrocytes and neurones can 

be modulated upon oxidative stress as a possible protective mechanism.
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Introduction
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This thesis has investigated the role of cellular glutathione levels in dictating 

astrocytic and neuronal susceptibility to oxidative stress. Specifically, the 

modulation of glutathione metabolism in astrocytes and neurones upon oxidative 

stress, and the protection that this confers to the mitochondrial respiratory chain 

was investigated. This chapter will explain what oxidative stress means, and 

review the literature to date on glutathione metabolism, the effect of oxidative 

stress on the mitochondrial respiratory chain in the brain, and the implications this 

may have for neurological diseases such as Parkinson’s disease. Finally, the 

rationale behind this thesis will be explained.

l.l.Free radicals and other oxidising species

Free radicals are molecules that contain one or more unpaired electrons and are 

able to exist independently (Halliwell & Gutteridge, 1989). Radicals can be 

formed by either the gain (reduction) or loss (oxidation) of a single electron. For 

example, oxygen is a good oxidising species, and the addition of a single electron 

to an atomic orbital will produce the superoxide radical (Oy ). The unpaired 

electron of free radicals makes the species very reactive towards other molecules. 

Free radicals naturally occur in vivo and include superoxide, the hydroperoxyl 

radical (O2H'), the hydroxyl radical (OH), and nitric oxide (NO)(Boveris & 

Chance, 1973; Palmer et al., 1987; Halliwell & Gutteridge, 1989). The reactive 

nature of free radicals can cause significant damage to DNA, protein, and lipids 

(Halliwell & Gutteridge, 1989; Cheng et al., 1992; Griffiths et al., 2002b).

The oxidation/reduction of free radicals, or reactions between free radical species, 

can also result in reactive species. Such species are often termed as reactive 

oxygen species (ROS) and reactive nitrogen species (RNS). Any biological 

system generating superoxide will produce hydrogen peroxide (H2O2) by 

dismutation (reaction 1.1; Halliwell & Gutteridge, 1989).

O2 + O2 ' + 2H+ H2O2 + O2 (1.1)

The rate of dismutation shown above is much greater when catalysed by the 

enzyme superoxide dismutase (SOD; Oury et al., 1992; Yim et al., 1996).
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Hydrogen peroxide is a relatively weak oxidising agent, but can readily cross 

membranes, and is a source for the highly reactive hydroxyl radical (Halliwell & 

Gutteridge, 1989).

NO can be reduced by biological molecules such as cytochrome c or SOD to form 

the nitroxyl ion (NO’; Sharpe & Cooper, 1998, Hughes, 1999), or oxidised by 

metals and other cellular oxidising species to form the nitrosyl cation (NO^), 

under physiological conditions (Gaston, 1999; Hughes, 1999). The reaction of NO 

with superoxide can produce the highly reactive species peroxynitrite (ONOO’; 

reaction 1.2; Beckman & Koppenol, 1996; Quijano et al., 1997).

NO + O2•’ ONOO (1.2)

Superoxide reacts approximately six times faster with NO, compared to SOD, and 

therefore out competes SOD for superoxide (Beckman & Koppenol, 1996). Under 

physiological conditions, peroxynitrite can also decompose to form a species with 

the reactivity of the hydroxyl radical and nitrogen dioxide (Beckman & Crow, 

1993; Beckman & Koppenol, 1996).

The metabolites of NO have distinctive chemical properties. Peroxynitrite is a 

stronger oxidising agent than both NO and superoxide, and readily oxidises thiols, 

ascorbate, lipids, and can cause nitration of tyrosine residues (Quijano et al., 1997; 

Hughes, 1999; Patel et al., 1999). NO can react with thiols and protein metal 

centres (Sharpe & Cooper, 1998; Hughes, 1999), while NO^ is the key species 

involved in the nitrosation of thiol groups {e.g., -SNO; Hughes, 1999, Patel et al., 

1999).

1.2. Generation of free radicals and ROS/RNS in eukaryotic cells

Free radicals and ROS are generated by a variety of chemical and biochemical 

reactions, many of which are a consequence of the aerobic conditions of the cell.
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1.2.1. Generation of ROS by mitochondria

The mitochondrial electron transport chain (ETC) is recognised as a significant 

source of ROS within the cell (Boveris & Chance, 1973). The ETC is located on 

the inner membrane, and reduces oxygen to water using electrons transferred from 

reducing equivalents derived from molecules such as NADH and succinate 

(Mitchell, 1961; reviewed by Scheffler, 1999). The reduction of oxygen to water 

is not 100% efficient. Mammalian mitochondria have been shown to produce 

hydrogen peroxide (Boveris & Chance, 1973; Paradies et al., 2000), and is 

estimated to account for 1-2 % of the total oxygen consumed by cells in vitro 

(Boveris & Chance, 1973). Superoxide is considered to be the first oxygen 

reduction product of mitochondria, which is then dismutated to hydrogen peroxide 

(Paradies et al., 2000; Han et al., 2001). Superoxide has been postulated to be 

formed by the autooxidation of ubisemiquinone at complex I (NADH:Ubiquinone 

oxidoreductase; EC 1.6.5.3) and complex III (cytochrome bci complex; EC 

1.10.2.2) of the ETC (reaction 1.3; Han et al., 2001). Normally ubiquinone (UQ) 

is reduced by an electron from NADH at complex I (Tormo & Estomell, 2000), or 

ubiquinol (UQH2) is oxidised by complex III (Crofts et al., 1999), to form 

ubisemiquinone (UQ "; reaction 1.3). Ubisemiquinone can then be reduced at 

complex I, or oxidised at complex III, to generate ubiquinol or ubiquinone 

respectively. However ubisemiquinone can also react with oxygen to form 

superoxide (Han et al., 2001).

UQ + e" ^  UQ" ^ U Q H i (1.3)

O2

UQ + 02-

Inhibition of complex I by rotenone or 1 -methyl-4-phenylpyridinium (MPPQ have 

been shown to increase hydrogen peroxide and superoxide production in cultured 

astrocytes and non-dopaminergic neurones (McNaught & Jenner, 2000; Nakamura 

et al., 2000a). However isolated mitochondria brain mitochondria or dopaminergic 

neurones (under certain conditions; see below) treated with MPP^ or rotenone
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have been shown to reduce hydrogen peroxide and superoxide production (Bates 

et al., 1994; Nakamura et al., 2000a). The period for which complex I was 

inhibited for may explain the difference in results, with longer treatments resulting 

in increased production of oxidising species e.g., the increased hydrogen peroxide 

production from astrocytes and dopaminergic neurones was observed following 

incubation for 24 hours, while the isolated mitochondria were only inhibited for 1 

hour. The source of the mitochondria may also be important, as shown by the 

differential effect of dopaminergic and non-dopaminergic neurones to MPP^ 

(Nakamura et ah, 2000a). Finally, since the increased production of hydrogen 

peroxide and superoxide was detected from cultured cells, it is not certain whether 

the effects of MPP^ and rotenone were definitely due to inhibition of 

mitochondria.

Inhibition of complex III of the ETC antimycin A in isolated rat liver and pigeon 

heart mitochondria has been shown to increase the production of superoxide and 

hydrogen peroxide by mitochondria (Boveris & Chance, 1973; Paradies et al., 

2000; Han et al., 2001).

1.2.2. NO synthases

The free radical NO is synthesised by the NO synthases in mammals (NOS; EC 

1.14.13.39) (Kwon et al., 1990; Leone et al., 1991). Three isoforms of NOS have 

been characterised and cloned to date, and are termed neuronal NOS (nNOS), 

inducible NOS (iNOS), and endothelial NOS (eNOS)(reviewed by Knowles & 

Moncada, 1994; Stuehr, 1999; Alderton et al., 2001). The presence of NOS in 

mitochondria has also been postulated, although this is controversial. NOS activity 

has been reported in isolated rat liver mitochondria (Tatoyan and Giulivi, 1998; 

Giulivi et al., 1998), while an eNOS antibody was localised to the inner 

membrane of rat liver and brain mitochondria by immunohistochemistry (Bates et 

al., 1995). However, cytosolic contamination of the mitochondrial preparations 

was not determined when NOS activity was measured (Tatoyan and Giulivi, 1998; 

Giulivi et al., 1998). Furthermore, no gene has been cloned on either the
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mitochondrial or nuclear genome, and no putative mitochondrial targeting 

sequences have been identified in the three other isoforms of NOS.

The nNOS isoform was the first to be identified, and is found predominantly in 

neuronal tissue (Bredt & Snyder, 1990), and together with eNOS, are calcium 

dependent and constitutively expressed (although expression can be increased 

under certain conditions e.g., depletion of glutathione, oxidative stress (Baader & 

Schilling, 1996; Heales et al., 1996a)). Expression of the iNOS isoform can be 

induced by a variety of stimuli such as lipopolysaccharide (LPS) and cytokines 

(Simmons & Murphy, 1992), and is less dependent on calcium (Alderton et al., 

2001). The iNOS isoform has been localised to a variety of cells including 

macrophages (Stuehr et al., 1991) and astrocytes (Simmons & Murphy, 1992; 

Bolanos et al., 1994).

All three NOS isoforms are coded for by three separate genes, with the human 

nNOS, iNOS and eNOS genes located on chromosomes 12q24.2, 17cen-qll.2, 

and 7q35 respectively (Alderton et a l, 2001). The NOS enzymes have very 

similar domain structures, with a N-terminal oxygenase domain, a C-terminal 

reductase domain, and a calmodulin recognition site (Figure 1.1a; Sheta et al., 

1994; Lowe et al., 1996). The NOS isoforms are only active as homodimers 

(Stuehr et al., 1991), with each monomer associated with one molecule of 

calmodulin, which binds calcium (Stuehr et al., 1991; Mathews & van Holde, 

1990). The reductase domain binds NADPH, and transfers electrons through the 

reductase domain via flavin adenine dinucleotide (FAD) and flavin 

mononucleotide (FMN), to the haem bound to the oxygenase domain. The 

oxygenase domain contains the active site, and binds oxygen (using the haem) and 

arginine, to produce citrulline and NO (Figure 1.1b; Knowles & Moncada, 1994; 

Alderton Qt ah, 2001). The cofactor tetrahydrobiopterin (BH4) is also required for 

NOS activity, however the functional role of BH4 in NOS is not clear, with the 

molecule being implicated in several processes such as promoting dimer 

formation, and coupling of NADPH oxidation to NO synthesis (reviewed by 

Alderton et al., 2001).
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Figure 1.1. Domain structure and catalytic mechanism of NO synthase

The domain structure of NO synthase is shown in (A). The oxygenase domain is 

at the N-terminal, while the reductase domain is at the C terminal. Calmodulin 

(Cm) associates with both domains. The catalytic mechanism of NO synthase is 

shown in (B). The atoms from citrulline and oxygen that form NO are underlined 

and in bold.
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1.2.3. Other enzymes as a source of ROS

The large number of oxidases located in the peroxisome, endoplasmic reticulum, 

mitochondrion, and cytosol, such as monoamine oxidase, NADPH oxidase, the 

cytochrome P450 oxidases, and xanthine oxidase are sources of ROS production 

within the cell (Mathews & van Holde, 1990; Maher & Schubert, 2000). As 

mentioned previously, the SODs also catalyse the conversion of superoxide to 

hydrogen peroxide (reaction 1.1; Yim et al., 1996, Han et a l, 2001).

1.2.4. Non-enzymatic generation of hydroxyl radical

Hydroxyl radicals (OH ) can be generated by the Haber-Weiss reaction (reaction 

1.4), or by the Fenton reaction in the presence of transition metals (reaction 1.5; 

Fe^^ and Fe^  ̂ are ferric and ferrous iron respectively; Halliwell & Gutteridge, 

1989). Note that the rate of the Haber-Weiss reaction is also significantly greater 

when catalysed by transition metals such as copper or iron.

O f  + H2O2 O2 + OH" + OH (1.4)

+ H2O2 Fe^+ + OH' + OH (1.5)

1.3. Oxidation of macromolecules

Free radicals and other oxidising species can attack proteins, lipids, and nucleic 

acids and alter their function. The most widely studied marker of protein oxidation 

is the formation of protein carbonyl groups, which are formed by the oxidation of 

amino acid side chains such as arginine and threonine (Hensley et ah, 1995; 

Mecocci et al., 1999). Cysteine residues (RSH, where R is the protein backbone) 

can also be oxidised to sulfenic (RSOH), sulfinic (RSO2H) or sulfonic (RSO3H) 

acid. Protein sulfinates and sulfonates, unlike protein sulfenates, are relatively 

stable oxidation products, and cannot be reduced back to cysteine under biological 

conditions (Klatt & Lamas, 2000). Cysteine residues can also be nitrosated by
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NO^ or peroxynitrite to form RSNO (Patel et al., 1999; Klatt & Lamas, 2000). 

Alternatively, formation of disulphide bridges between thiol groups under 

oxidising conditions may also alter protein activity (Huang et al., 1993; Sriram et 

al., 1998; Tu & Anders, 1998b). Hydroxyl groups {e.g., tyrosine) and tryptophan 

can be nitrated (RONO) by peroxynitrite (Patel et al., 1999), while NO can also 

react with the iron centres of proteins (e.g., cytochrome c oxidase (EC 1.9.3.1) and 

haemoglobin)(Wainio, 1955; Kharatinov et a l, 1996).

Free radicals can also initiate lipid peroxidation. Hydroxyl and peroxyl radicals 

can abstract hydrogen from a methylene (-CH2-) group next to a double bond in 

membrane fatty acids (Figure 1.2, reaction 1; Halliwell & Gutteridge, 1989; 

Patel et al., 1999; Griffiths et al., 2002b). The carbon radical is stabilised by 

rearrangement of the double bond to form a conjugated diene (Figure 1.2, 

reaction 2). These lipid radicals can then either cross link with another fatty acid, 

or react with oxygen to yield a peroxyl radical (Figure 1.2, reaction 3; Halliwell 

& Gutteridge, 1989; Ham & Liebler, 1997). The fatty acid peroxyl radical can 

then abstract hydrogen from a neighbouring fatty acid to form another carbon 

radical, thus propagating lipid peroxidation (Figure 1.2, reaction 4; Halliwell & 

Gutteridge, 1989) or attack and damage membrane proteins. The end products of

*QH

* 00 "lipid

HOQ-

Figure 1.2. Lipid peroxidation pathway
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lipid peroxidation include the aldehydes malodialdehyde and 4-hydroxy-2- 

nonenal (Halliwell & Gutteridge, 1989; Griffiths et a l, 2002b). These molecules 

can cross link with protein and DNA, and therefore alter their properties 

(Halliwell & Gutteridge, 1989, Beal, 2002).

The reaction of DNA with radicals can cause strand breaks and the modification 

of DNA bases (Halliwell & Gutteridge, 1989, Mecocci et a l, 1999). A common 

oxidised base is 8 -hydroxy-2 -deoxyguanosine, which can mispair with adenine 

leading to point mutations, and cause misreading of adjacent bases during 

replication or transcription (Cheng et al., 1992; Mecocci et al., 1999).

1.4. Cellular protection against free radicals and ROS/RNS by small

molecules and enzymes

Mammalian cells contain several enzymes and small molecules that react with 

free radicals and other reactive species in order to prevent damage to cellular 

molecules.

Catalase (EC 1.11.1.6) and glutathione peroxidase (EC 1.11.1.9) are two enzymes 

that control the amount of hydrogen peroxide present in cells. Catalase, which 

contains a haem group bound to its active site, reacts with hydrogen peroxide as 

shown in reaction 1.6 (Halliwell & Gutteridge, 1989; Voet & Voet, 1990).

2H2O2 ^  2H2O + O2 (1.6)

Catalase is primarily found in peroxisomes (subcellular organelles bound by a 

single membrane (Mathews & van Holde, 1990)), with little catalase activity 

located in mitochondria or the endoplasmic reticulum (Halliwell & Gutteridge, 

1989; Brighelius-Flohe, 1999).

Hydrogen peroxide generated by mitochondria and cytosolic enzymes is largely 

disposed of by glutathione peroxidases (Flohe et al., 1973; Halliwell & 

Gutteridge, 1989; Dringen & Hamprecht, 1997). The glutathione peroxidases 

catalyse the oxidation of glutathione (see section 1 .1 2  for detailed discussion of
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glutathione) at the expense of hydrogen peroxide (reaction 1.7; GSSG, oxidised 

glutathione).

H2O2 + 2GSH GSSG + 2 H2O (1.7)

The superoxide dismutases (SODs; EC 1.15.1.1) remove superoxide 

intracellularly and extracellularly (Mathews & van Holde, 1990; Oury et al., 1992; 

Yim et al., 1996; Han et al., 2001). The active site of cytosolic and extracellular 

SOD contains one copper and one zinc ion, greatly accelerating the dismutation of 

superoxide (reaction 1.8; Halliwell & Gutteridge, 1989; Oury et al., 1992). Note 

that the zinc atom is not involved in the catalytic mechanism, but stabilises the 

enzyme (Halliwell & Gutteridge, 1989).

Enzyme-Cu^^ + O2 " ^  Enzyme-Cu"^ + O2 (1.8)

Enzyme-Cu^ + C)2 ' + 2H^ ^  Enzyme-Cu^^ + H2O2

Mitochondrial SOD contains manganese rather than copper and zinc (Han et al., 

2001), but catalyses exactly the same reaction (Halliwell & Gutteridge, 1989).

Three small molecules that are important antioxidants in vivo are ascorbic acid, 

glutathione, and a-tocopherol. Ascorbic acid (vitamin C) can act as a reducing 

agent, making it useful as an antioxidant (Halliwell & Gutteridge, 1989). 

Ascorbate reacts rapidly with superoxide, hydroxyl, and peroxyl radicals 

(Halliwell & Gutteridge, 1989; Rice, 2000). Donation of one electron produces 

semidehydroascorbate radical, which is further oxidised to dehydroascobate. 

Ascorbate can be regenerated from dehydroascorbate or semidehydroascorbate by 

glutathione either nonenzymatically, or by dehydroascorbate reductase (reaction 

1.9; EC 1.8.5.1; Meister, 1994; Rice, 2000).

Dehydroascorbate + 2GSH ^  GSSG + ascorbate (1.9)

It should be noted that ascorbate can also act as a pro-oxidant. Ascorbate can 

reduce Fe^  ̂ to Fe^^, which can then generate hydroxyl radicals by the Fenton
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reaction (reaction 1.5) and an ascorbyl radical (Cardoso et a i, 1999; Arroyo et 

a l, 2000). Furthermore, at higher concentrations (1 mM), ascorbate can generate 

hydrogen peroxide (Sakagami et al., 1998)

Glutathione in addition to being a substrate for glutathione peroxidase is also a 

scavenger of superoxide, hydroxyl radicals, and reactive nitrogen species such as 

peroxynitrite (Halliwell & Gutteridge, 1989; Quijano et a l, 1997). The properties 

and functions of glutathione are discussed in much further detail in section 1.12.

a-tocopherol (vitamin E) is a hydrophobic molecule, and is concentrated in the 

interior of biological membranes (Mathews and van Holde, 1990). a-tocopherol 

can be oxidised by hydroxyl and peroxyl radicals (Halliwell & Gutteridge, 1989; 

Brigelius-Flohé & Traber, 1999). However a-tocopherols main function in 

biological membranes is probably to react with lipid peroxyl radicals, thus 

terminating the chain reaction of peroxidation (reaction 1.10; RO2 ', lipid peroxyl; 

TH, a-tocopherol; Halliwell & Gutteridge, 1989; Ham & Liebler, 1997)

RO2 + TH -> RO2H + T  (1.10)

The a-tocopherol radical (T) is not reactive enough to abstract H from lipid 

membranes, and the unpaired electron is delocalised into the aromatic structure 

(Halliwell & Gutteridge, 1989). Ascorbic acid has been postulated to reduce T 

back to a-tocopherol (Rice, 2000).

Recently, ubiquinol has also been postulated to have antioxidant properties, and 

may be particularly important in protecting against lipid peroxidation. Ascorbyl 

and tocopheryl radicals have been shown to be scavenged by ubiquinol (Landi et 

al., 1997; Arroyo et al., 2000). Furthermore, a decrease in peroxynitrite-mediated 

nitration of proteins in mitochondrial membranes has been observed with 

increasing concentrations of ubiquinol (Schopfer et al., 2000).
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1.5. What is Oxidative stress?

Under physiological conditions, mammalian cells are able to counteract the 

potentially toxic effects of free radicals generated by a variety of biochemical 

processes by a host of enzymes and small molecules such as the SODs and 

glutathione. However, should the balance between production of free radicals and 

cellular defence mechanisms be disrupted, oxidative stress may occur. Oxidative 

stress could occur due to increased production of free radicals such as increased 

expression of iNOS (Simmons & Murphy, 1992; Bolanos et ah, 1994), or 

inhibition of the ETC (Boveris & Chance, 1973; Paradies et al., 2000). 

Alternatively, perturbed cellular defences, such as modification of CuZnSOD 

function (Rosen et al., 1993; Yim et al., 1996), or depletion of glutathione 

(Riederer et al., 1989; Sian et al., 1994a), could cause oxidative stress.

1.6. Mitochondria

Mitochondria are double membrane bound organelles that are typically spherical 

or rod shaped (reviewed by Scheffler, 1999). The inner membrane of 

mitochondria is highly convoluted to form cristae, and encloses the soluble 

matrix. The inner membrane is separated from the outer membrane by the 

intermembrane space.

Every compartment of the mitochondria is associated with different biochemical 

processes. Metabolic pathways such as the tricarboxylic acid cycle and 13- 

oxidation of fatty acids are located in the matrix of the mitochondria. 

Mitochondrial DNA (mtDNA), and the proteins required for transcription and 

repair of mtDNA are also located in the matrix (Anderson et al., 1981; Croteau et 

al., 1997). Human mtDNA is a circular, double stranded DNA molecule 

consisting of 16.6 kb (Anderson et al., 1981). Each mitochondrion contains 

several copies of mtDNA. The DNA molecule has no introns and codes for 2 

ribosomal RNA molecules, 22 transfer RNA molecules and 13 polypeptides, all of 

which code for constituents of the oxidative phosphorylation system (Anderson et 

al., 1981; Taanman, 1999). The majority of mitochondrial proteins however are 

coded for by the nucleus, with the complexes of the mitochondrial electron
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transport chain a hybrid of mitochondrial and nuclear encoded proteins (see 

below; Loeffen et a l, 1997; Hirawake et al., 1999; Taanman, 1999).

The inner membrane is the site of the mitochondrial electron transport chain 

(ETC) and oxidative phosphorylation (Mitchell, 1961), in addition to a number of 

transport systems {e.g., adenine nucleotide translocase; Klingenberg, 1992), while 

the outer membrane also has a number of transport systems {e.g., voltage 

dependent anion channel; Crompton et al., 1999), and several enzymes such as the 

monoamine oxidases (Ragan et al., 1987; Mathews & van Holde, 1990).

In recent years, the role of mitochondria in neurodegeneration has come under 

intense scrutiny. Dysfunction of the mitochondrial ETC has been reported in 

several neurological disorders such as Parkinson’s disease and Huntington’s 

disease (Schapira et al, 1990; Gu et al., 1996). Furthermore, the opening of the 

mitochondrial permeability transition pore under certain conditions {e.g., 

oxidative stress, ischaemia) causes mitochondria to uncouple and ATP hydrolysis 

by reversal of ATP synthase (Nieminen et al., 1995; Halestrap et al., 1998; 

Crompton et al., 1999). The release of cytochrome c and other apoptosis initiating 

factors from mitochondria have also been implicated in mechanisms leading to 

cell death (Yang et al., 1997; Brookes et al., 2000).

1.7. The electron transport chain

The electron transport chain (ETC) is located on the inner membrane of the 

mitochondria, and is comprised of more than 80 polypeptides grouped together 

into four enzyme complexes (Figure 1.3; Michel et al., 1998; Zhang et al., 1998; 

Sazanov et al., 2000). The ETC facilitates the transfer of electrons from NADH 

and FADHi (generated by carbohydrate and fatty acid metabolism), to oxygen, 

which is reduced to water at complex IV (Michel et al., 1998). The reduction of 

oxygen is coupled to the synthesis of ATP (oxidative phosphorylation) by ATP 

synthase (EC 3.6.3.14; complex V; Mitchell, 1961). Complexes I-IV contain 

bound redox centres {e.g., iron-sulphur complexes, FAD), which transfer electrons 

sequentially from one to another via increasing reduction potentials (Ohnishi,
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Figure 1.3. The mitochondrial electron transport chain

Complexes I-IV of the ETC and ATP synthase localised to the inner membrane of 

the mitochondria. C, cytochrome c; Q; ubiquinol. Thin arrows denote movement 

of electrons, while thick arrows signify movement of protons.
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1998; Zhang et al., 1998; Michel, 1998). Ubiquinol transfers two electrons from 

both complex I and complex II to complex III, while cytochrome c transfers one 

electron from complex III to complex IV (Figure 1.3; Crofts et ah, 1999; Tormo 

& Estomell, 2000).

The free energy generated by the transfer of electrons is conserved by the 

pumping of protons from the mitochondrial matrix into the intermembrane space 

by complexes I, III, and IV (Mitchell, 1961; Videira, 1998; Michel, 1998; Crofts 

et al., 1999). This results in an electrochemical gradient across the inner 

membrane equivalent to a pH difference of 1.4, and a membrane potential (v|/) of 

150 mV (reviewed by Scheffler, 1999). This proton motive force is dissipated 

through the membrane domain of ATP synthase leading to the phosphorylation of 

ADP (Mitchell, 1961).

1.7.1. Complex I

NADH:Ubiquinone oxidoreductase (complex I; EC 1.6.5.3) is the largest enzyme 

in the ETC, with 43 subunits and a molecular mass of approximately 900 kDa 

(Grigorieff, 1999; Sazanov et al., 2000). Complex I catalyses the transfer of two 

electrons from NADH to ubiquinone by an unknown mechanism via several 

bound prosthetic groups (one non-covalently bound FMN, at least six iron-sulphur 

clusters and two ubiquinone binding sites; Ohnishi, 1998; Tormo & Estomell,

2000). This transfer is coupled to the translocation of four to five protons from the 

matrix to the intermembrane space to generate the proton gradient required for 

ATP synthesis.

Seven subunits of complex I are coded for by the mitochondria, with the 

remainder coded for by the nucleus (Ton et al., 1997; Loeffen et al., 1998; 

Sazanov et al., 2000). These mitochondrial encoded subunits are located in the 

membrane domain, are similar to bacterial cation / H^ antiporters, and therefore 

thought to be responsible for proton translocation across the membrane (Videira, 

1998). The matrix domain contains all the prosthetic groups and biochemical 

activity of complex I (Videira, 1998). The polypeptides in the matrix domain that
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are not involved in the biochemical activity of the enzyme have been termed 

‘accessory’ proteins, although the majority of subunits have yet to be assigned a 

particular function (Sazanov et al., 2000). Phosphorylation of the 18 kDa subunit 

by cAMP-dependent kinase activates complex I in human and mouse fibroblasts, 

and may be a mechanism by which overall ETC activity is regulated (Sardanelli et 

ah, 1995; Scacco et ah, 2000; Papa et ah, 2001).

1.7.2. Complex II

The flavoprotein succinate:ubiquinone oxidoreductase (complex II; EC 1.3.5.1) 

oxidises succinate to fumarate, transferring the electrons to ubiquinone. Complex 

II is the only enzyme that serves as a direct link between the citric acid cycle and 

the electron transport chain (Hagerhall, 1997; Ackrell, 2000). Unlike the other 

complexes in the electron transport chain, the four polypeptides of complex II are 

all coded for by nuclear genes (Hirawake et ah, 1999). A flavoprotein and iron- 

sulphur protein form a hydrophilic domain that projects in to the matrix, while two 

hydrophobic peptides anchor the matrix domain to the membrane (Lee et ah, 

1995; Lancaster et ah, 1999; Ackrell, 2000).

The matrix domain contains the succinate dehydrogenase activity (Hagerhall, 

1997; Lancaster et ah, 1999; Ackrell, 2000), while the anchor domain provides the 

binding sites for two ubiquinone molecules (one on each polypeptide) and 

cytochrome b, which is thought to play an important role in the assembly of the 

enzyme (Yu et al., 1992; Lee et ah, 1995; Hagerhall, 1997; Shenoy et ah, 1999).

1.7.3. Complex III

The cytochrome bci complex (complex III; EC 1.10.2.2) transfers electrons from 

ubiquinol to cytochrome c. This electron transfer is coupled to proton pumping 

from the matrix to the inner membrane space contributing to the proton gradient 

required for ATP synthesis. The structure of complex III in a variety of 

mammalian species has been elucidated (Iwata et ah, 1998; Kim et ah, 1998;
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Zhang et al., 1998). The protein exists as a homodimer with each monomer 

consisting of 11 different subunits with a total molecular mass of approximately 

240 kDa. Only one of these subunits (cytochrome b) is coded for by the 

mitochondria (Taanman, 1999). Complex III spans the membrane and projects 

into both the intermembrane space and matrix (Zhang et al., 1998). The protein 

contains four redox centres: two b-type haem groups, one c-type haem of 

cytochrome C], and an iron-sulphur centre bound to the Rieske iron-sulphur 

protein (Iwata et al., 1998; Kim et al., 1998; Zhang et al., 1998).

The mechanism by which electrons are transferred through complex III has been 

termed the Q cycle. One electron is sequentially transferred from ubiquinol to the 

Rieske iron-sulphur protein, which then transfers the electron to cytochrome ci 

located in the intermembrane space domain, and finally to soluble cytochrome c, 

which passes the electrons on to complex IV (Kim et al., 1998; Zhang et al., 

1998). The transfer of an electron along this route results in bound 

semiubiquinone and the release of two protons into the intermembrane space. The 

electron from semiubiquinone is transferred consecutively via the two cytochrome 

b molecules, and finally to ubiquinone or semiubiquinone bound at another 

ubiquinone binding site on complex III. Fully reduced ubiquinol picks up two 

protons from the matrix and moves to the first ubiquinone binding site to provide 

more electrons to reduce cytochrome c (Crofts et al., 1999; Snyder et al., 2000).

1.7.4. Complex IV

Cytochrome c oxidase (complex IV; EC 1.9.3.1) is the terminus for electron 

transfer in the respiratory chain. The enzyme couples the reduction of oxygen to 

the pumping of protons from the matrix. The mechanism by which this is done is 

unknown.

Crystallisation of bovine heart complex IV by Tsukihara et al (1996) revealed that 

the mammalian enzyme has 13 different subunits, and several prosthetic groups 

including two haems (a and ag) and two copper atoms. The protein exists in the 

inner membrane as a dimer with each monomer having a molecular mass of 2 1 1
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kDa (Tsukihara et al, 1996). Subunits I, II and III are mitochondrially encoded 

and form the core of the protein (Anderson et al, 1981; Michel et a l, 1998). 

Subunit II binds cytochrome c and transfers electrons to the haem ag-Cug redox 

centre located in subunit I, which is involved in the reduction of oxygen to water 

(Tsukihara et al, 1996; Michel et a l, 1998; Riistama et a l, 2000). Subunit III bas 

been proposed to be the oxygen channel (Riistama et ah, 2000). The remaining ten 

subunits of mitochondrial cytochrome c oxidase are nuclear encoded. The 

function of these subunits is still largely unknown. They may play a role in 

insulation, regulation, stabilisation or assembly of complex IV (Grossman & 

Lomax, 1997; Huttemann et al., 2001).

1.7.5. Complex V

ATP synthase (EC 3.6.3.14; FiFo-ATP synthase) uses the proton motive force 

generated across the inner mitochondrial membrane by electron transfer through 

the ETC to drive ATP synthesis. Bovine heart ATP synthase is comprised of 16 

different subunits and is divided into three domains (Abrahams et a l, 1994). The 

matrix globular domain, Fi, containing the catalytic site is linked to the intrinsic 

membrane domain, Fq, by a central stalk (Figure 1.4; Abrahams et a l, 1994; 

Karrasch & Walker, 1999). Proton flux through Fq causes the subunit to rotate, 

which is transferred to the central stalk, and is utilised by F i domain to synthesise 

ATP (Noji et a l, 1997; Boyer, 1997; Tsunoda et a l, 1999).

The Fi catalytic domain contains three a subunits and three p subunits with the 

nucleotide binding sites located at the interfaces between the a and p-subunits 

(Abrahams et a l, 1994; Boyer, 1997). Rotation of the stalk changes the 

conformation of the active sites making the synthesis of ATP more favourable 

(Boyer et a l, 1997). A stator prevents the F] domain following the rotation of the 

stalk and Fq domains (Karrasch & Walker, 1999).
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1.8. Oxidative inactivation of the ETC in brain

The complexes of the ETC are susceptible to inactivation following exposure to 

both reactive oxygen and nitrogen species. Decades before the involvement of NO 

in biological processes was discovered, complex IV was known to bind NO 

(Wainio, 1955). NO competes with oxygen to bind to complex IV, and can rapidly 

and reversibly inhibit astrocyte respiration (Brown et al., 1995). However, 

prolonged exposure {e.g., 24 hours) of astrocytes and neurones to NO results in a 

persistent inhibition of complex IV (Bolanos et al., 1994; Bolanos et al., 1996; 

Stewart et al., 1998a, 2000). Complexes II+III of the ETC are also inhibited 

following prolonged exposure to NO (Bolanos et a l, 1994, 1996; Stewart et al., 

1998a, 2000). The inhibition of complexes II+III, and IV of the ETC was also 

observed in astrocytes and neurones treated with peroxynitrite (Bolanos et al.,

1995). Inhibition of complex II following exposure to the NO donor S-nitroso-N- 

acetylpenicillamine (SNAP) has also been reported in astrocytes, microglia, and 

oligodendrocytes (Mitrovic et al., 1994). The activity of complex I in astrocytes 

and neurones has been shown to be unaffected by both NO and peroxynitrite 

provided that cellular GSH levels were maintained (Bolanos et al., 1996, Barker et 

al., 1996). The loss of complex I activity and a concomitant depletion of GSH has 

also been reported in the J774 macrophage cell line following exposure to 

peroxynitrite (Clementi et al., 1998).

Mitochondria are also susceptible to inhibition by reactive oxygen species. 

Complexes II and IV of the ETC were inhibited when heart sub-mitochondrial 

particles were exposed to hydrogen peroxide, hydroxyl radicals, or superoxide 

(Zhang et al., 1990). Hydrogen peroxide generated from the oxidation of 

dopamine by monoamine oxidase also inhibited brain mitochondrial respiration 

(Berman & Hastings, 1999; Cohen & Kesler, 1999). The individual complexes of 

the ETC were not measured in either study. However, use of substrates that donate 

electrons at different points of the ETC implied that inhibition of complex III was 

the reason for impaired mitochondrial respiration (Berman & Hastings, 1999). 

Mitoehondria exposed to exogenous hydrogen peroxide also results in reduced 

mitochondrial respiration (Sims et al., 2000; Gluck et al., 2002). Using a variety
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of substrates, Gluck et al (2002) report that complex II is sensitive to hydrogen 

peroxide, but that the effects of hydrogen peroxide were not just confined to the 

ETC, but to other components of the mitochondria as well. Indeed, Sims et al 

(2 0 0 0 ) concluded that hydrogen peroxide impaired the activity of mitochondrial 

enzymes involved in the generation of NADH rather than the ETC, since the 

complexes of the ETC appeared unaffected following exposure. Exposure of rat 

synaptosomes to ascorbate/iron (which will generate hydroxyl radicals) also 

results in the reduction of the activities of complexes II and III of the ETC, while 

complexes I and IV were unaffected (Cardoso et al., 1998). All the studies 

reported above suggest that complexes II, III, and IV of the ETC are much more 

susceptible to reactive oxygen and nitrogen species, compared to complex I. 

However, the latter can become susceptible when glutathione availability is 

compromised (Barker et ah, 1996).

It should be noted that in addition to oxidative modification of proteins, prolonged 

exposure to oxidative species may also alter ETC activity by mutating DNA, and 

in particular mtDNA. mtDNA has been reported to be ten times more susceptible 

to oxidative stress than nuclear DNA due to less efficient repair systems, and a 

lack of histones (Mecocci et al., 1993). Indeed, increased levels of 8-oxo-2’- 

deoxyguanosine and multiple deletions have been reported to in mtDNA 

following oxidative stress and ageing (Mecocci et al., 1993; Nagley & Wei, 1998; 

Lu et al., 2000). Since mitochondria have essentially no sequence redundancy, 

mutations and deletions could affect the functions of the thirteen polypeptides 

coding for components of complexes I, III, IV and V, or the ribosomal and 

transfer RNA molecules necessary for their translation.

1.9. Implications of ETC inhibition

Impairment of one or more of the ETC complexes could have important 

implications for the synthesis of ATP by the cell. Studies in vitro have suggested 

that each complex of the ETC has different inhibition thresholds before ATP 

synthesis is compromised, and that these thresholds vary from cell to cell (Davey 

& Clark, 1996; Davey et al., 1998). For example, complex I in non-synaptic 

mitochondria needed to be inhibited by 72% before changes in mitochondrial
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respiration and ATP synthesis were observed (Davey & Clark, 1996), while only a 

25% inhibition of complex I was required in synaptic mitochondria (Davey et al.,

1998). Interestingly, depletion of glutathione in rat PCI2 cells has been shown to 

lower the threshold at which inhibition of complex I affects respiration (Davey et 

al., 1998). Complexes III and IV need to be inhibited by 70% and 60% in 

nonsynaptic mitochondria, and 80% and 70% in synaptic mitochondria (Davey & 

Clark, 1996; Davey et al., 1998).

Inhibition of the complexes by oxidising species could also increase production of 

superoxide and hydrogen peroxide (Paradies et al., 2000; Han et al., 2001) and 

thereby further damage the complexes of the ETC, other cellular proteins, and 

mtDNA. The increased oxidising environment may also induce the opening of the 

mitochondrial permeability transition pore (Nieminen et al., 1995; Costantini et 

al., 1996), which could lead to necrosis and/or apoptosis of the cell.

1.10. The role of mitochondria in necrosis and apoptosis

Mitochondria are thought to play an important role in both apoptosis and necrosis. 

The opening of the mitochondrial permeability transition pore (MPT pore) has 

been implicated in necrosis (Lemasters et al, 1998; Halestrap et al., 2000). The 

mitochondrial permeability transition (MPT) is the result of a sudden increase in 

permeability of the inner mitochondrial membrane to solutes with a molecular 

mass of less than 1500 kDa (Halestrap et al., 1998; Crompton et al., 1999). The 

increased permeability of the membrane causes membrane depolarisation, and 

therefore uncoupling of oxidative phosphorylation, resulting in a decrease in ATP 

synthesis (Halestrap et al., 2000). MPT also causes the release of 

intramitochondrial ions and metabolites, and mitochondrial swelling (Halestrap et 

al., 1998; Lemasters et al., 1998; Crompton et al., 1999). Swollen, uncoupled 

mitochondria have been observed in necrotic cells, and opening of the MPT pore 

has been observed following hypoxia and ischaemia (Halestarp et al., 1998; 

Lemasters et al., 1998).

Opening of the MPT pore is promoted by increased cellular calcium 

concentrations and increased inorganic phosphate (P,) concentrations due to ATP
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depletion within cells (Lemasters et al., 1998 Halestrap et al., 2000). Oxidative 

stress has also been implicated in the opening of the MPT pore. Exposure of liver 

mitochondria to oxidising species such as ^erf-butylhydroperoxide (Nieminen et 

al., 1995; Costantini et al., 1996), and oxidation of two thiols of the MPT pore 

induces MPT (Costantini et al., 1996).

The components of the MPT pore are an area of controversy. Halestrap et al 

(2000) report that the MPT pore is composed of the inner mitochondrial 

membrane transporter adenine nucleotide translocase (ANT), and the 

mitochondrial matrix protein cyclophilin P. However, the voltage-dependent anion 

channel (VDAC; also known as porin), an outer membrane protein, has also been 

proposed to be a component of the MPT pore, in addition to ANT and cyclophilin 

P (Crompton et al., 1998; Shimizu et al., 1999).

The release of cytochrome c and apoptosis inducing factor (AIF) from 

mitochondria has been postulated to be an early event in apoptosis (Susin et al., 

1996; Yang et al., 1997; Narita et al., 1998). The MPT has been implicated in the 

release of these factors since inhibition of the MPT by cyclosporin A has been 

reported to prevent the release of cytochrome c (Lemasters et al, 1998; Narita et 

al., 1998; Brookes et al., 2000). It is unclear whether release is due to a non­

specific rupture of the outer mitochondrial membrane following MPT or the 

formation of specific cytochrome c channel pores. The interaction of the Bcl-2 

family of proteins {e.g., Bax, Bak, Bad) with the MPT pore have also been 

reported to be necessary for cytochrome release to occur (Narita et al., 1998; 

Shimizu et al., 1999). Alternatively, the release of cytochrome c has been reported 

to be independent of the MPT since cytochrome c can be observed without a loss 

of membrane potential (Halestrap et a l, 2000). Furthermore, dimers of Bax can 

release cytochrome c without membrane swelling, loss of membrane potential, or 

inhibition by cyclosporin A (Eskes et al., 1998; Halestrap et al., 2000). Perhaps 

cytochrome c is released by a variety of methods, with the type of mitochondria 

{e.g., brain versus heart), and/or the type of insult initiating release, determining 

which mechanism is used. The non-specificity of cyclosporin A {e.g., it can also 

inhibit protein phophatase; Halestrap et al., 2000) may have also lead to erroneous 

conclusions in some cases.
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Once cytochrome c is released, it can bind with apoptotic protease-activating 

factor 1 (Apaf-1) in the presence of ATP or dATP. This complex can then activate 

caspase-9, which in turn can initiate the activation of other caspases and lead to 

apoptosis (reviewed by Desagher & Martinou, 2000; Jackson et al., 2002). The 

release of AIF can also initiate apoptosis via a caspase-independent pathway 

(reviewed by Jackson et al., 2002).

1.11. Glutathione

Glutathione (GSH) is a tripeptide (y-glutamyIcysteinylglycine; Figure 1.5a) with 

a molecular mass of 307, is ubiquitously found in both prokaryotes and 

eukaryotes, and is the most prevalent low molecular mass intracellular thiol in 

plants and animals (Meister & Anderson, 1983). Unusually, the peptide bond 

between the glutamate and cysteine residues is via the carboxyl group attached to 

the y-carbon of glutamate, rather than the more orthodox a-carbon carboxyl group 

(Figure 1.5a). This has been postulated to protect the tripetide from degradation 

by aminopeptidases (Sies, 1999; Lu, 2000). Glutathione disulphide (GSSG; 

Figure 1.5b) is formed upon oxidation of GSH. The ratio of GSH to GSSG is 

approximately 100:1 in the cytosol (Meister & Anderson, 1983; Dringen & 

Hamprecht, 1997; Kirlin et al., 1999), although intracellular GSSG levels can 

increase during oxidative stress (Meister & Anderson, 1983; Ben-Yoseph et al., 

1996; Dringen et al., 1999b). The cellular GSHiGSSG ratio is in part determined 

by GSH reductase (EC 1.8.1.7) and the GSH peroxidases (EC 1.11.1.9; Meister & 

Anderson, 1983; Ben-Yoseph et ah, 1996).The millimolar concentrations of GSH 

within the cell and the high GSHiGSSG ratio maintains a reducing environment in 

the cell.

GSH has been implicated directly or indirectly in a variety of biological processes. 

The most important function of GSH is probably its role in protecting cells from 

free radicals and other oxidising species (Bolanos et ah, 1996; Barker et al., 1996; 

Dringen et al., 1999b; Iwata-Ichikawa et al., 1999), and the maintenance of the 

redox potential of the cell {e.g., maintaining protein thiols in a reduced state; 

Sriram et al., 1998; Ehrhart & Zeevalk, 2001). GSH also acts as a carrier of 

cysteine around the body (Meister & Anderson, 1983; Dringen et al., 1999a),

40



(A)
O o

H3N+-CH-CH2-CH2-C-NH-CH-C-NH-CH2-COO-

coo- CHj
SH

y-Glutamate Cysteine Glycine

(B)
O o

H3N+-CH-CH2-CH2.C-NH-CH-C-NH-CH2-COO

coo- CH.

coo-
S

CH.

H.N+-CH-CH2-CH2-C-NH-CH-C-NH-CH.-COO-

O O

Figure 1.5. The structure o f GSH

The structure of reduced GSH (A) and oxidised GSH (B).

41



detoxifies xenobiotica (Yamane et al., 1998; Borst et a l, 1999), and has recently 

been implicated in the post-translational modification of proteins (Grant et al., 

1999; Klatt & Lamas, 2000; Pineda-Molina et al., 2001).

1.12. Cellular Localisation of glutathione

Intracellular concentrations of GSH vary between species, organ, and cell type 

and have been reported to be as high as 20 mM (Meister & Anderson, 1983; 

Yudkoff et al., 1990; Dringen et al., 2000). In mammals the greatest amount of 

GSH has been reported in the liver, followed by the kidney, and the brain 

(Thompson et al., 1999; Liu & Choi, 2000; Liu, 2002). Within the brain, GSH 

levels vary from region to region {e.g., the cortex has more GSH than the 

cerebellum; Kang et al., 1999; Liu, 2002), and between cell types (Sagara et al., 

1993; Maker et al., 1994; Bolanos et al., 1995). For example, cortical astrocytes 

cultured in isolation have higher GSH levels compared to neurones derived from 

the same region (Maker et al., 1994; Bolanos et al., 1995).

Glutathione is predominately located in the cytosol (80-90%), while 10-15% of 

GSH has been reported in mitochondria (Meredith & Reed, 1982; Jain et al., 

1991; Wullner et al., 1999). Small pools of GSH have also been located in the 

endoplasmic reticulum and nucleus (Hwang et al., 1992; Voehringer et al., 1998).

Evidence suggests that the mitochondrial GSH pool is preferentially maintained 

over that of the cytosolic pool during conditions of GSH depletion {e.g., inhibition 

of GSH synthesis). Cytoplasmic GSH in cerebellar neurones was depleted by 75% 

in cells treated with the GSH synthesis inhibitor L-buthionine-S,R-sulfbximine (L- 

BSO) before a loss of mitochondrial GSH was observed (Wullner et al., 1999). 

Newborn rats treated with L-BSO for 9 days resulted in an 82% and 84% 

depletion of GSH in cerebral cortex cytosol and mitochondria respectively (Jain et 

al., 1991). However, when these animals were treated with membrane permeable 

GSH monoethyl ester, the mitochondrial GSH pool was nearly restored to control 

values, while cytosolic GSH remained depleted by 6 6 % (Jain et al., 1991). The 

transport mechanism by which GSH is taken up into mitochondria is still 

unknown. Substrate competition studies with rat kidney mitochondria have
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implicated a role for the mitochondrial dicarboxylate and 2 -oxoglutarate carriers 

in GSH transport (Chen & Lash, 1998; Chen et al., 2000).

Extracellular GSH concentrations have been reported in the micromolar range 

(Meister & Anderson, 1983; Han et al., 1999). Extracellular GSH concentrations 

in whole rat brain, striatum, and substantia nigra have been reported to be between 

1.6 and 2 pM (Han et al., 1999), while 5.9 pM GSH has been detected in cerebral 

spinal fluid (Wang & Cynader, 2000). Blood plasma GSH levels from the carotid 

artery and jugular vein of adult rats have been reported as 18.9 and 12.3 pM 

respectively (Jain et al., 1991).

1.13. Glutathione Metabolism

Glutathione (GSH) is synthesised by the consecutive action of the ATP-dependent 

cytosolic enzymes glutamate-cysteine ligase (GCL; also known as y- 

glutamylcysteine synthetase; EC 6 .3.2.2) and glutathione synthetase (GS; EC 

6 .3.2.3; Figure 1.6, reactions 1 and 2)(Yip & Rudolph, 1976; Schandle & 

Rudolph, 1981; Meister & Anderson, 1983). GSH can be degraded by y- 

glutamyltranspeptidase (y-GT; EC 2.3.2.2; Figure 1.6, reaction 3), which is 

predominantly located in the outer leaflet of plasma membranes (Meister & 

Anderson, 1983; Ikeda et al., 1995; Dringen et al., 1997a). The cysteinylglycine 

generated by y-GT can be hydrolysed by dipeptidases (Figure 1.6, reaction 4) 

and the cysteine and glycine used for de novo GSH synthesis (Dringen et al., 

2001). y-glutamyIcysteine (y-GC), the product of GCL, and substrate for GS, can 

also be utilised by y-glutamylcyclotransferase (y-GCT; EC 2.3.2.4; Figure 1.6, 

reaction 5) to generate cysteine and 5-oxoproline, which can be further 

metabolised to glutamate by 5-oxoprolinase (EC 3.5.2.9; Figure 1.6, reaction 6; 

Meister & Anderson, 1983; Griffith, 1999). The glutamate and cysteine generated 

by these two latter enzymes can then be recycled. It should be noted that the Km 

of y-GCT for y-GC is twelve fold higher than that of GS, and therefore the vast 

majority of y-GC is converted to GSH, rather than 5-oxoproline (Griffith, 1999). 

GSH can also be utilised by glutathione peroxidase (EC 1.11.1.9; Figure 1.6,
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Glu; glutamate; X, acceptor for y-glutamyl moiety (see text for details).
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reaction 7) to provide electrons to reduce hydrogen peroxide and other peroxides 

to water (Meister & Anderson, 1983; Ben- Yoseph et al., 1996;Dringen et ah, 

1999b). This results in the oxidation of GSSG, which can be reduced back to 

GSH by GSH reductase (EC 1.8.1.7; Figure 1.6, reaction 8) with the reducing 

equivalent NADPH (Meister & Anderson, 1983; Ben-Yoseph et al., 1996).

1.13.1. Glutamate-cysteine ligase

GCL is the first enzyme in the GSH synthesis pathway, and is thought to be the 

rate-limiting step (Meister & Anderson, 1983; Grant et al., 1997). GCL is a 

heterodimer, which can be dissociated into a large catalytic subunit (GCL/,) and a 

smaller regulatory/modifier subunit (GCL/)(Huang et al., 1993a; Tu & Anders 

1998a). The catalytic domain of GCL in both rats and humans has been reported 

to have a relative molecular mass of approximately 73 kDa (Huang et al., 1993a; 

Tu & Anders 1998a), while the regulatory subunit is approximately 30 kDa in 

these two species (Huang et al., 1993b; Tu & Anders 1998a). The GCL/, and GCL/ 

subunits are encoded for by separate genes and have been mapped to 

chromosomes 6pl2 and lp21 respectively in humans (Gipp et al., 1995; Tsuchiya 

et al., 1995). Northern blotting of human GCL has indicated two ubiquitously 

expressed GCL/, transcripts (4.1 and 3.2 kb) and GCL/transcripts (4.1 and 1.4 kb; 

Gipp et al., 1995;). Rat GCL/also has two transcripts (5.2 and 1.8 kb), while only 

one 4.1 kb transcript has been identified for GCL/, (Huang et al., 1993b).

In rodents and chickens, GCL activity is greatest in the kidney (-10 nmol y-GC 

synthesised/min/mg protein), with activity between 2  and 5-fold lower in the liver, 

and approximately 10 fold lower in brain (Maker et al., 1994; Liu & Choi, 2000; 

Kang et al., 1999; Liu, 2002).

GCL/, exhibits all the catalytic activity of the enzyme (Huang et al., 1993a) and 

binds ATP, L-glutamate, and L-cysteine to form y-glutamylcysteine (Figure 1.6; 

Yip & Rudolph, 1976; Schandle & Rudolph, 1981; Meister & Anderson, 1983). 

GCL/, is thought to bind ATP first, with L-glutamate and L-cysteine binding in a 

random order (Yip & Rudolph, 1976; Schandle & Rudolph, 1981). All substrates
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must be bound before to the formation of products is observed (Schandle & 

Rudolph, 1981). The first step of the reaction is the attack of the y-carboxyl group 

of glutamate attacking the y-phosphoryl group of ATP to form y- 

glutamylphosphate as an intermediate (reaction 1.11). The second step involves 

the amino group of cysteine reacting with y-glutamylphosphate to form y- 

glutamylcysteine and Pi (Orlowski & Meister, 1971; Griffith, 1982).

L-glutamate + ATP ^  L-glutam ylphosphate + ADP (1.11)

L-glutam ylphosphate +  L-cysteine ^  L-glutam yl-L-cysteine + Pi

The availability of cysteine has been suggested to limit the rate of GCL activity 

(Meister & Anderson, 1983; Yudkoff et al., 1990; Kranich et al., 1998). The Km 

of rat kidney and recombinant human GCL for cysteine has been reported to be 

0.2 mM and 0.8 mM respectively (Huang et al., 1993a; Tu & Anders, 1998a). The 

Km of GCL for cysteine is very similar to the intracellular concentration of 

cysteine {e.g., the intracellular GSH concentration in rat astrocytes has been 

reported to be approximately 1 mM; Meister & Anderson, 1983; Yudkoff et al., 

1990; Griffith, 1999). Therefore, the rate of GSH synthesis may be dependent on 

the intracellular cysteine concentration.

The GCL/ subunit does not have any catalytic activity, but does modify the 

affinity of GCL/, to substrates and inhibitors. The Km of rat kidney and 

recombinant human GCL/, for glutamate has been reported to be 18 and 3.5 mM 

respectively (Huang et al., 1993a; Tu & Anders, 1998a). However when GCL/, is 

associated with GCL/, the Km for glutamate is lowered to 1.4 and 0.7 mM in rat 

and human GCL respectively (Huang et al., 1993a; Tu & Anders, 1998a). The Km 

of GCL/, for cysteine appears to be independent of GCL/ association (Huang et al., 

1993a; Tu & Anders, 1998a).

GCL activity is feedback-inhibited by GSH (Huang et al., 1993a; Tu & Anders, 

1993a). The association of rat GCL/ with GCL/, has been shown to increase the 

apparent Ki of GCL for GSH from 1.8 mM to 8.2 mM (Huang et al., 1993a). The 

inhibition of GCL activity by GSH can be overcome in a competitive fashion by
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increasing the concentration of glutamate (Huang et al., 1993a). The reduction of 

disulphide bridges in GCL has been implicated in GSH-mediated inhibition. An 

unidentified intramolecular disulfide within GCL^ appears necessary for activity, 

since enzyme activity was inhibited when the enzyme was incubated with the 

reducing agent dithiothreitol (DTT; Tu & Anders, 1998b). However, this 

disulphide is unlikely to occur within the active site, since although there is a 

cysteine present, it must be in a reduced state for enzyme activity to occur (Seelig 

& Meister, 1982; Tu & Anders, 1998b). An intermolecular disulphide bridge 

between GCLh and GCL/ has also been implicated in modulating enzyme activity. 

Mutation of cysteine-553 of human GCL/, to a glycine perturbed GCL 

holoenzyme activity and caused a greater dissociation of GCL/, from GCL/ (Tu & 

Anders, 1998b). Huang et al (1993a) have also reported that dissociation of GCL 

increased with greater GSH concentrations. Therefore, it appears that association 

of GCL/; and GCL/ induces some conformational change, which increases the 

affinity of the glutamate-binding site, while diminishing the competitive inhibition 

by GSH at the active site. However, reduction of possible intermolecular 

di sulphide bridges between the two GCL subunits by GSH will favour GSH 

feedback inhibition.

1.13.2. Transcriptional regulation of GCL

A wide range of chemical, biological and physical agents in a variety of 

experimental paradigms have been shown to induce expression of GCLh and/or 

GCL/ (reviewed in Soltaninassab et al., 1999; Lu, 2000; Wild & Mulcahy, 2001). 

For example, induction of both GCLh and GCL/ has been shown in cultured cells 

following exposure to oxidants such as hydrogen peroxide (astrocytes and 

epithelial cells), superoxide (epithelial cells), and NO (heart smooth muscle)(Tian 

et al., 1997; Moellering et al., 1998; Iwata-Ichikawa et al., 1999), GSH depleting 

agents (hepatocytes)(Cai et al., 1997; Huang et al., 1999), and the lipid 

peroxidation product 4-hydroxy-2-nonenal (lung epithelia)(Liu et al., 1998). 

Furthermore, exposure of hepatocytes to either insulin or alcohol increases 

expression of GCL/, only (Cai et al., 1997; Huang et al., 2000).
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The promoters of mammalian GCL/and GCL/, genes have been sequenced (Yang 

et al., 2001 a,b; reviewed in Wild & Mulcahy, 2001). Several putative regulatory 

sequences have been identified in both gene promoters including nuclear factor-KB 

(NF-kB), electrophile responsive element (EpRE; also known as antioxidant 

response elements) and AP-1 (Yang et al., 2001 a,b; reviewed in Wild & Mulcahy, 

2001). However, there are conflicting reports as to which promoter elements are 

involved in both constitutive and inducible expression of the GCL genes 

(Reviewed in Wild & Mulcahy, 2001). It is probable that the inconsistencies so far 

observed may in part be due to the existence of agent-dependent alternative 

activation pathways and the multitude of cell culture systems investigated.

1.13.3. Post-translational modification of GCL

Apart from the possible reduction of disulphide bridges by GSH during feedback 

inhibition (see section 1.14.1), phosphorylation of GCL has been reported to 

modulate enzyme activity. Phosphorylation of GCL/,, but not GCL/, has been 

observed in both purified rat kidney GCL and in cultured hepatocytes, by protein 

kinase A, protein kinase C, or Ca^Vcalmodulin-dependent kinase (Sun et al.,

1996). The phosphorylation of GCL resulted in a loss of enzyme activity, which 

was not due to dissociation of the subunits (Sun et al., 1996). Given the role of 

these kinases in a variety of signalling pathways, this process maybe important in 

regulating cellular GSH concentration.

1.13.4. Glutathione synthetase

While GCL has been extensively studied, very little attention has been paid to the 

second enzyme of GSH synthesis Glutathione synthetase (GS). GS has been 

cloned from rat kidney and human (Gali & Board, 1995; Huang et al., 1995). Rat 

kidney and human GS appear to be homodimers, with each subunit containing an 

active site and a molecular mass of approximately 53-59 kDa (Oppenheimer et al., 

1979; Gali & Board, 1995; Huang et al., 1995). Gel filtration chromatography has
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1.13.5. Inborn errors of GSH synthesis

Hereditary defects in both GCL and GS have been described (Dahl et al., 1997; 

Ristoff & Larsson, 1998; Mayatepek, 1999). GCL deficiency is very rare with 

patients commonly exhibiting decreased GSH levels throughout the body and 

haemolytic anaemia (Ristoff & Larsson, 1998). In certain cases spinocerebellar 

and neuromuscular degeneration is also observed. Homozygous GCLh knockouts 

are embryonic lethal in mice (Dalton et al., 2000) and may explain why this 

deficiency is rarely seen in humans. Hereditary GS deficiency is much more 

common and GSH depletion can either be localised to erythrocytes or be 

generalised (Rstoff & Larsson, 1998). Low GSH levels will result in a lack of 

feedback inhibition of GCL, and therefore over production of y-GC. y-GC is 

converted to 5-oxoproline by y-GCT (Figure 1.6, reaction 5). Excessive 

production of 5-oxoproline exceeds the capacity of 5-oxoprolinase (Figure 1.6, 

reaction 6), and therefore 5-oxoproline accumulates causing metabolic acidosis 

and excretion of 5-oxoproline (-30%) (Meister & Anderson, 1983; Mayatepek,

1999). About half the patients have progressive CNS damage including mental 

retardation and ataxia (Dahl et al., 1997; R stoff & Larsson, 1998). It should be 

noted that y-GC can act as an antioxidant and could alleviate some of the 

symptoms (Grant et ah, 1997).

1.13.6. y-glutamyltranspeptidase

y-glutamyltranspeptidase (y-GT) catalyses the degradation of extracellular GSH 

(see section 1.15.1 for GSH release), and is primarily localised to the outer leaflet 

of the plasma membrane (Shine & Haber, 1981; Nash & Tate, 1984; Ikeda et al.,

1995). The mammalian enzyme is translated as a single polypeptide, and is then 

glycosylated and cleaved into a heavy and light subunit in the endoplasmic 

reticulum or golgi, prior to export to the plasma membrane (Nash & Tate, 1984; 

Ikeda et al., 1995). The glycosylated human y-GT heavy subunit (44 kDa) 

contains a small cytosolic domain ( 6  amino acids), a single transmembrane 

domain (20 amino acids), and a large carboxy terminal ectodomain (Ikeda et al., 

1995; Hanigan, 1998). The heavy subunit is thought to anchor the enzyme to the
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membrane (Meister & Anderson, 1983; Ikeda et ah, 1995). The human light 

subunit (24 kDa) is an ectodomain associated with the heavy subunit, and contains 

the active site residues responsible for binding GSH (Meister & Anderson, 1983; 

Stole et ah, 1990; Ikeda et al., 1995). Several genes encoding for y-GT have been 

identified in humans and are located on chromosomes 18, 19, 20 and 22 (3 

genes)(Figlewicz et al., 1993). A single gene locus encodes for y-GT in rat. 

However, tissue-specific expression of several mRNA species has been identified 

due to multiple promoter start sites (Darbouy et ah, 1991). Indeed, the y-GT 

propeptide in rat brain has been reported to be 74 kDa, while the rat kidney 

isoform has been estimated to have a molecular mass of 78kDa (Reyes & Barela, 

1980; Nash & Tate, 1984). y-GT activity in rat is greatest in kidney, brain and 

testis (Hemmings and Storey, 1999).

Within the brain, most y-GT activity appears to be localised to the endothelial 

cells lining blood vessels (Hemmings and Storey, 1999). y-GT activity has also 

been associated with glia, but probably not neurones (Shine & Haber 1981; 

Dringen et al., 1997a; Hemmings and Storey, 1999).

y-GT degrades GSH into a y-glutamyl moiety and cysteinylglycine (reaction 

1.13; Meister & Anderson, 1983; Dringen et al., 1997a). The enzyme catalyses the 

transfer of the y-glutamyl moiety to an acceptor (X), which could be an amino 

acid, a dipeptide, water, GSSG, or another molecule of GSH (Meister & 

Anderson, 1983; Stole et al., 1994).

y-glutamylcysteinylglycine + X ^  y-glutamyl-X + cysteinylglycine (1.13) 

(GSH)

1.14. GSH metabolism in astrocytes and neurones

1.14.1. Astrocytic GSH release

Extracellular GSH has been reported in the micromolar range in the brains of rats 

(Han et al., 1999). Several studies have reported that cultured rat astrocytes
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release GSH into extracellular media (Yudkoff et al., 1990; Sagara et al., 1996; 

Stone et al., 1999), with approximately 10% of intracellular GSH estimated to be 

released per hour (Sagara et al., 1996; Dringen et al., 1997a). Despite this release, 

intracellular astrocytic GSH levels remain unchanged. Neurones either release no 

GSH or very little (Wang & Cynader, 2000). Inhibition of y-GT with acivicin 

(Stole et al., 1994) increased the extracellular concentration of GSH detected, 

indicating that released GSH is a substrate for the enzyme (Dringen et al., 1997a). 

Furthermore, prolonged incubation (10 hours) with acivicin caused a depletion of 

intracellular GSH levels, suggesting that the metabolism of GSH by y-GT is 

required to provide precursors {e.g., cysteine, glycine, and glutamate) for de novo 

GSH synthesis (Dringen et al., 1997a). Indeed, when uptake of CysGly (a product 

of GSH degradation by y-GT; reaction 1.13) in astrocytes was inhibited by 

blocking the peptide transporter PepT2, astrocytes were unable to maintain 

intracellular GSH levels (Dringen et al., 1998).

The mechanism by which GSH is released by astrocytes is unknown. Sagara et al 

(1996) found that the rate of GSH release was dependent on temperature, and was 

susceptible to partial inhibition when thiols on the outer leaflet of the plasma 

membrane were oxidised. These results suggest that a protein transporter mediates 

GSH efflux from astrocytes. The multidrug resistance protein (MRP) family of 

transporters have been postulated to release GSH (Yamane et al., 1998; Paulusma 

et al., 1999). The MRP family were originally identified as playing a role in the 

drug resistance of cancer cells (Borst et al., 1999). Over expression of MRP 1 and 

MRP2 in cultured kidney cells have been shown to increase GSH efflux, while 

homozygous MRP2 knock-out rats did not release GSH into the bile duct and was 

concomitant with increased intracellular GSH levels (Paulusma et al., 1999). 

MRPl, but not MRP2, has been shown to be expressed in rat astrocytes and to 

facilitate GSSG release (Hirrlinger et al., 2001). No studies on MRPl-mediated 

GSH release from astrocytes have been reported to date.
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1.14.2 Cultured astrocytes and neurones differ in their preference of amino 

acids for GSH synthesis.

Neurones cultured in isolation are considered to contain less GSH compared to 

astrocytes cultured in isolation (Sagara et al., 1993; Makar et al., 1994; Bolanos et 

al., 1995; Dringen et al., 1999b). It has been postulated that the availability of 

cysteine in culture media may limit the GSH content in neurones (Sagara et al., 

1993; Kranich et al., 1996; Dringen et al., 1999a). GSH levels in cultured 

neurones can be elevated when incubated with cysteine, but not cystine (Sagara et 

al., 1993; Kranich et al., 1996). Neurones have been shown to be capable of 

taking up cystine via both sodium-independent {e.g., Xc- transporter) and sodium- 

dependent {e.g., Xag- transporter) transport systems (Allen et al., 2001; McBean 

& Flynn, 2001). This would suggest that the reason why neurones cannot utilise 

cystine for GSH synthesis is not due to a lack of uptake. Incubation of neurones 

with glycine or glutamine (as a source for glutamate) had no effect on neuronal 

GSH levels, indicating that these two precursors of GSH are not limiting (Dringen 

et al., 1999a). Astrocytes can utilise either cysteine or cystine as precursors for 

GSH synthesis (Cho & Bannai, 1990; Sagara et al., 1993; Kranich et al., 1996, 

1998), with cystine suggested to be the preferred substrate (Kranich et al., 1996, 

1998). Once again, neither glutamate nor glycine appears to limit GSH synthesis 

in astrocytes (Dringen et al., 1997b).

When neurones are cocultured with astrocytes, neuronal GSH levels are 

approximately doubled, compared to neurones cultured alone (Sagara et al., 1993; 

Bolanos et al., 1996; Dringen et a l, 1999a). The release of GSH by astrocytes has 

been postulated to provide precursors for de novo neuronal GSH synthesis 

(Dringen et al., 1999a; Wang & Cynader, 2000). Wang and Cynader (2000) have 

proposed that the GSH released by astrocytes reduces the cystine present in the 

culture media to cysteine, which can then be taken up by neurones and utilised for 

GSH synthesis (Figure 1.7, route 1). Alternatively, Dringen et al (1999a) have 

suggested that the GSH released by astrocytes is metabolised to CysGly by y-GT, 

with the CysGly then being used by neurones as a precursor for GSH synthesis 

(Figure 1.7, route 2). In support of this, neurones that are incubated with CysGly
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Figure 1.7. The supply o f neuronal GSH precursors by astrocytes

Astrocytes release GSH which can either (!) reduce cystine (Cys-Cys) to cysteine 

(Cys), or (2) be metabolised by y-glutamyltranspeptidase (y-GT) to 

cysteinylglycine (CysGly), which can then be taken up by astrocytes to be 

recycled into GSH, or hydrolysed by aminopeptidase N (AP-N) on neurones, to 

generate cysteine and glycine (Gly). The cysteine generated by routes 1 and 2 can 

then be taken up by neurones for de novo GSH synthesis.
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elevate their GSH levels (Dringen et al., 1999a). Furthermore, inhibition of 

astrocytic y-GT by acivicin prevented the elevation of neuronal GSH levels when 

they were cocultured with astrocytes (Dringen et al., 1999a). Note that CysGly 

has also been shown to increase GSH levels in astrocytes (Dringen et al., 1997b), 

and is thought to be taken up by the PepT2 dipeptide transporter (Dringen et al.,

1998). Indeed inhibition of this transporter causes depletion of GSH in astrocytes 

(Dringen et al., 1998). Neurones have been shown not to express PepT2 (Dringen 

et al., 2001). Instead CysGly has been reported to be hydrolysed by the 

dipeptidase aminopeptidase N (EC 3.4.11.2), which has been localised to the outer 

leaflet of the neuronal plasma membrane (Dringen et al., 2001). The cysteine and 

glycine generated by this enzyme is then taken up by the neurones. Indeed, 

treatment of neurones with either CysGly or cysteine + glycine elevated GSH 

levels to a similar extent (Dringen et al., 1999a, 2001). Furthermore, extracellular 

cysteine levels are elevated 7-fold when neurones are cocultured with astrocytes 

(Sagara et al., 1993).

1.15. Antioxidant properties of glutathione

The thiol group of GSH makes the tripeptide an important scavenger of oxidising 

species such as hydrogen peroxide, hydroxyl radical, and reactive nitrogen 

species GSH is the substrate for the hydrogen peroxide removing enzyme GSH 

peroxidase (Figure 1.6, reaction 7; Flohe et al., 1973; Meister & Anderson, 

1983; Dringen & Hamprecht 1997; reviewed by Brigelius-Flohe, 1999). The four 

known GSH peroxidases contain selenocysteine at the active site, and can 

metabolise hydrogen peroxide and lipid peroxides (Flohe et al., 1973; Dringen et 

al., 1999b; reviewed by Brigelius-Flohe, 1999). GSH peroxidase 1 is located in 

the cytosol and mitochondria, and is a homotetramer, with each subunit 

containing one selenium atom (Flohe et ah, 1973; Meister & Anderson, 1983). 

The enzyme is ubiquitously expressed, however upon selenium deficiency, GSH 

peroxidase 1 is preferentially maintained in the brain, suggesting that the enzyme 

is an important defence against oxidants within the brain (Brigelius-Flohe, 1999). 

The activity of catalase has been reported to be considerably lower in the brain 

compared to the rest of the body (Halliwell & Gutteridge, 1989). Indeed, 

inhibition of catalase activity in cultured rat astrocytes had no effect on the
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clearance of hydrogen peroxide (Dringen & Hamprecht, 1997), while cell 

viability in striatal and cerebral cortical neurones exposed to hydrogen peroxide 

was similar in the absence or presence of a catalase inhibitor (Ben-Yoseph et al., 

1996; Desagher et al., 1996). However, it should be noted that the rate of 

hydrogen peroxide clearance from media by neurones isolated from whole rat 

brain was shown to be three-fold lower when incubated with a catalase inhibitor 

(Dringen et al., 1999b).

Glutathione peroxidase catalyses the reduction of hydrogen peroxide to water, and 

the oxidation of GSH to GSSG (reaction 1.14). The GSH apparently reduces the 

bound selenium, which then reacts with the hydrogen peroxide (Meister & 

Anderson, 1983; Halliwell & Gutteridge, 1989).

H2O2 + 2GSH GSSG + 2 H2O (1.14)

Accumulation of GSSG will lower the GSH/GSSG ratio, which has been 

implicated in increased cytotoxicity (Dringen & Hamprecht, 1997; Cotgreave & 

Gerdes, 1998). Therefore GSSG is either released from cells (Hirrlinger et al., 

2001) or reduced back to GSH by the flavoprotein GSH reductase (Figure 1.6, 

reaction 8). Mammalian GSH reductase is a homodimer, with each active site 

binding GSSG, FAD, and NADPH (Meister & Anderson, 1983; Pai & Schulz, 

1983; Voet & Voet, 1990).The enzyme is located in both the mitochondria and 

cytosol (Tamura et al., 1996). NADPH has been reported to reduce FAD, which 

then passes on electrons to the disulphide bridge between GSSG (Figure 1.5b), 

thus generating two GSH (reaction 1.15; Meister & Anderson, 1983; Pai & 

Schulz, 1983).

GSSG + NADPH + 2GSH + NADP+ (1.15)

The pentose phosphate pathway generates the reducing equivalent NADPH, which 

is necessary for GSSG to be reduced back to GSH by GSH reductase (Ben- 

Yoseph et al., 1996; Salvemini et al., 1999). The activity of the pentose phosphate 

pathway has been shown to be increased in astrocytes, and to a lesser extent in
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neurones, upon exposure to hydrogen peroxide or NO (Ben-Yoseph et al., 1996; 

Garcia-Nogales et al., 1999).

As well as GSH being involved in the enzymatic-reduction of hydrogen peroxide 

and organic peroxides, GSH can also react non-enzymatically with reactive 

oxygen species such as the hydroxyl radical and superoxide to form a thiyl radical 

(GS‘; reaction 1.16-17; Halliwell & Gutteridge, 1989; Quijano et al., 1997).

GSH + OH GS" + H2O (1.16)

GSH + O2 + H^ GS + H2O2 (1.17)

The thiyl radical can then react with other thiyl radicals to form GSSG.

Glutathione is also an important cellular defence against the oxidation and 

reduction products of the free radical NO. NO itself reacts relatively slowly with 

GSH (Gaston, 1999; Hughes, 1999). However, the oxidation of NO to NO^ (e.g., 

by metals or other oxidants) confers high reactivity with GSH to form S- 

nitrosoglutathione (GSNO; reaction 1.18; Gaston, 1999; Hughes, 1999).

GSH + NO  ̂ GSNO + H^ (1.18)

GSNO can then react further with GSH via a complicated set of reactions to form 

GSSG, nitrite (NO2’), and NH3 (Singh et al., 1996).

NO' (formed by the reduction of NO by superoxide dismutase or ferrocytochrome 

c) also reacts readily with GSH to form GSSG and hydroxylamine (reaction 1.19; 

Hughes, 1999).

GSH + NO + H^ GSNHOH (1.19)

GSNHOH + GSH GSSG + NH2OH
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Peroxynitrite (formed by the reaction of NO with superoxide) will also react with 

GSH via several different reactions depending on various factors such as pH and 

GSH concentration (Quijano et al., 1997). Under physiological conditions {e.g., 

pH 7.4, 37°C, 5-10 mM GSH) the vast majority of peroxynitrite (>90%) reacts 

with GSH to form an unstable sulphenic acid (GSOH), which can then rapidly 

react with another GSH molecule to form GSSG (reaction 1.20; Quijano et al.,

1997).

GSH + ONOO GSOH + NO2 (1.20)

GSOH + GSH GSSG + H2O

Recently the reversible covalent addition of GSH to cysteine residues on target 

proteins {e.g., protein-SSG) during oxidative stress has been postulated to be a 

protective mechanism (reviewed by Klatt & Thomas, 2000). Increased protein- 

GSH mixed disulphides have been reported in mammalian brain, endothelial, and 

hepatocytes cells upon oxidative stress {e.g., exposure to hydrogen peroxide or 

NO; Schuppe-Koistinen et ah, 1994; Jung & Thomas, 1996; Ehrhart & Zeevalk, 

2001). It is postulated that GSH reacts with protein cysteine residues that have 

been reversibly oxidised to sulfenic acid (-SOH) by for example hydrogen 

peroxide or peroxynitrite (reaction 1.20), to prevent further oxidation of the 

residue to sulfmic (-SO2H) or sulfonic (-SO3H) acid, which will essentially 

irreversibly oxidise the protein (Klatt & Thomas, 1999). For example, in yeast 

three isoforms of the glycolytic enzyme gly ceraldehyde-3-phosphate 

dehydrogenase (GAPDH) are expressed (TdHl-3; Grant et al., 1999). Following 

exposure to hydrogen peroxide, Tdh2 is irreversible inactivated, while Tdh3 is 

restored following removal of the hydrogen peroxide (Grant et al., 1999). Tdh3 

was shown to form a protein-GSH mixed disulphide upon exposure to hydrogen 

peroxide, whereas Tdh2 did not (Grant et al., 1999). Protein-GSH mixed 

disulphides could also protect critical cysteine residues from nitrosation (see 

reaction 1.18; Klatt & Lamas, 2000). Rabbit muscle GAPDH has been shown to 

bind GSH upon exposure to NO leading to inactivation of the enzyme (Mohr et 

al., 1999). GAPDH activity was restored following incubation with the reducing 

agent dithiothreitol (Mohr et al., 1999). Furthermore, the formation of protein-
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GSH mixed disulphides in muscle results in the peroxynitrite dependent inhibition 

of Ca^^-ATPase being a reversible process, rather than irreversible (Viner et al.,

1999).

1.16. The importance of GSH as an antioxidant within the brain

The role of GSH as an important cellular defence against reactive oxygen/nitrogen 

species in the brain has been demonstrated by a variety of experimental 

paradigms. Depletion of GSH levels in cultured rodent mesencephalic or cortical 

neurones by L-BSO has been shown to result in increased neuronal death (Bolanos 

et al., 1996; Ibi et al., 1999; Wullner et al., 1999; Nakamura et al., 2000b), with 

depletion of the mitochondrial GSH pool greatly increasing neuronal cell loss 

(Wullner et al., 1999). Cellular GSH levels within the brain have also been widely 

reported to dictate susceptibility to reactive oxygen and nitrogen species. The 

amount of cell death in cultured neurones depleted of GSH is greater when 

exposed to nitric oxide, hydrogen peroxide, or organic peroxides (Ben-Yoseph et 

al., 1996; Desagher et al., 1996; Ibi et al., 1999; Nakamura et al, 2000b). 

Furthermore, the lower GSH levels found in cultured neurones compared to 

astrocytes have been postulated to be a reason why neurones appear to be more 

susceptible to oxidative stress than astrocytes (Bolanos et al., 1995,1996). A much 

greater amount of cell death has been observed in neurones exposed to the same 

amount of NO, peroxynitrite, or hydrogen peroxide compared to astrocytes 

(Bolanos et al., 1995; Ben-Yoseph et al., 1996; Iwata-Ichikawa et al., 1999; 

Almeida et al., 2001). Indeed, when GSH levels are elevated in either the 

neuroblastoma cell line SK-N-MC by expression of Bcl-2, or cultured rat 

neurones by induction of GCL expression, the cells are much less susceptible to 

hydrogen peroxide mediated cell death (Iwata-Ichikawa et al., 1999; Lee et al.,

2001). The amount of lipid peroxidation and oxidised protein has also been 

reported to be less in cultured neurones, neuroblastoma cell lines, and rat 

synaptosomes in the presence of greater GSH levels (Anderson et al., 1996; 

Cardoso et al., 1999; Lee et ah, 2001).

The function of brain mitochondria appear to be particularly vulnerable to GSH 

depletion. GSH-depleted mitochondria from both the cerebral cortex of rats and
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cultured rat neurones have been shown to be swollen and exhibit signs of 

degeneration (Jain et al., 1991, Wullner et al, 1999). Furthermore, cellular GSH 

status has been postulated to dictate susceptibility of the mitochondrial respiratory 

chain to oxidative stress in the brain (see below).

1.16.1. GSH and the mitochondrial electron transport chain

The availability of GSH within the brain has been postulated to play a role in 

protecting the ETC from oxidative stress (Barker et al., 1996; Bolanos et al.,

1996), and may explain the differential susceptibility of the ETC to oxidative 

stress between cell types {e.g., astrocytes and neurones; Bolanos et al., 1995).

Depletion of brain GSH levels by L-BSO in both rats and mice has previously 

resulted in loss of ETC complex activity (Heales et al., 1995; Merad-Saidoune et 

al., 1999). A loss of complex I and IV activity was observed in rat brain 

homogenates depleted of GSH (Heales et al., 1995), with the loss of complex IV 

activity apparently proportional to the depletion of GSH in the mitochondria 

(Heales et al., 1996). Meanwhile in mice, the activities of complexes I, II, and IV 

were inhibited in brain homogenates depleted of GSH by 95% (Merad-Saidoune 

et al., 1999).

Experiments with cultured astrocytes and neurones, rather than the brain as a 

whole, has provided further information on the relationship between GSH and the 

ETC in the brain. When GSH was depleted by 93% in rat cortical neurones by L- 

BSO, a concomitant loss in the activities of complexes I, II+III and IV of the ETC 

was observed (Bolanos et al., 1996). An increase in lactate dehydrogenase (LDH) 

release, which was used as a measure of cell viability, was also observed in these 

neurones.

The complexes of the electron transport chain ETC have been reported to be 

inhibited by reactive oxygen and nitrogen species (see section 1.8; Bolanos et al., 

1995; Cardoso et al., 1999; Berman & Hastings, 1999). When cultured neurones 

were exposed to peroxynitrite, a loss in the activities of complexes II+III and IV 

of the ETC and an increase in LDH release was observed (Bolanos et al., 1995).

60



Conversely, the same concentrations of peroxynitrite had no affect on the 

complexes of the ETC or LDH release in astrocytes (Bolanos et al., 1995). The 

GSH levels in neurones was estimated to be approximately half that of astrocytes, 

and it was postulated that this could be a reason for the differential susceptibility 

observed between the two cell types (Bolanos et al., 1995). Further evidence for 

the role of cellular GSH levels determining the susceptibility of the ETC to 

oxidative stress was gained from neurone-astrocyte coculture experiments. 

Neuronal GSH levels are approximately doubled when neurones are cocultured 

with astrocytes, compared to when they are cultured alone (section 1.15.2; Sagara 

et al., 1993; Bolanos et al, 1996; Dringen et al, 1999a). When neurones were 

cocultured with activated astrocytes {i.e., generating NO; Simmons & Murphy, 

1992; Bolanos et al., 1994), neuronal GSH levels were still approximately double 

that of neurones cultured alone, while the complexes of the ETC were unaffected 

by exposure to NO (Bolanos et al., 1996). However, neurones cultured alone and 

exposed to the NO donor S-nitroso-N-acetylpenicillamine (SNAP) were unable to 

maintain their GSH levels and showed extensive damage to complexes I, II+III, 

and IV of the ETC (Bolanos et al., 1996). These results imply that the greater 

GSH concentration in cocultured neurones confers greater resistance to NO- 

mediated ETC damage, compared to those cultured alone. In support of this, the 

inhibition of complexes II and III in synaptosomal mitochondria by either 

ascorbate and iron or hydrogen peroxide was reversed when incubated with 250 

pM GSH (Berman & Hastings, 1999; Cardoso et al., 1999).

In the studies described above, loss of complex I activity was associated with a 

depletion in cellular GSH levels. Further studies using both cultured cells and 

whole brain have suggested that cellular GSH levels seem to be particularly 

important in protecting the activity of complex I. Mouse brain slices or isolated 

brain mitochondria exposed to diethylmaleate, a GSH conjugator, resulted in a 

significant loss of complex I activity (Balijepalli et al., 1999). Furthermore, mice 

injected with the amino acid L-P-N-oxalylamino-L-alanine, an excitatory amino 

acid known to cause neurodegeneration in humans (Sriram et al., 1998), exhibited 

a loss of complex I activity concomitant with a loss of GSH (Sriram et al., 1998). 

In the rat dopaminergic PCI2 cell line, inhibition of GCL expression by an
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antisense polynucleotide resulted in GSH depletion and a loss of complex I 

activity (Jha et al., 2000). Complex I activity was restored to control levels if the 

brain slices/PC 12 cells were incubated with either exogenous GSH or DTT 

following treatment (Sriram et a l, 1998; Balijepalli et a l, 1999; Jha et a l, 2000). 

This suggests that GSH protects thiols on complex I that are necessary for enzyme 

activity. Indeed, treatment of complex I with iodoacetic acid, a thiol modifier, 

inhibited complex I activity, and was reversed by incubation with GSH 

(Balijepalli et a l, 1999).

In contrast to the results shown above, the relationship between complex I and 

GSH in astrocytes is quite different. L-BSO can deplete GSH by 95% in astrocytes 

without any affect on complex I activity (Barker et al., 1996). Indeed, loss of 

complex I activity was only observed when GSH depleted astrocytes were 

exposed to peroxynitrite (Barker et al., 1996). Recently, relatively mild depletion 

of GSH in cultured rat astrocytes (~ 50%) has been reported to increase the 

expression and activity of complex I by two-fold (Vasquez et al., 2001). These 

two studies suggest that other mechanisms in addition to the availability of GSH 

may dictate complex I activity in astrocytes, and perhaps the rest of the ETC, 

following oxidative stress. Indeed, the differential distribution and activity of the 

ETC complexes reported to occur in astrocytes and neurones under basal 

conditions suggest that regulation of the ETC varies between cell types. For 

example, complex I activity is greater in cultured rat astrocytes isolated from 

Wistar rats compared to neurones (Bolanos et al., 1995; Stewart et al., 1998b), 

while cerebellar purkinje cells display much greater expression of the NDl 

subunit of complex I, compared to the adjacent granule cells, in rat brain slices 

(Pettus et al., 2000).

1.17. Oxidative stress, mitochondrial dysfunction and neurological disease

1.17.1. Parkinson’s disease

Perturbed GSH metabolism, increased production of reactive oxygen and nitrogen 

species, and loss of complex I activity has been strongly implicated in the
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pathogenesis of Parkinson’s disease (PD). GSH levels have been reported to be 

specifically depleted by 40% in the substantia nigra (the area of the brain most 

affected by the disease) of PD brains at post mortem (Sian et al., 1994a). A similar 

depletion of GSH has been reported in the substantia nigra of patients diagnosed 

with Incidental Lewy Body disease (ILBD), which is thought to be 

presymptomatic PD (Dexter et al., 1994), suggesting that GSH depletion is an 

early event in the development of PD. Riederer et al. (1989) have also implied that 

GSH depletion is important in the progression of PD by reporting that the amount 

of neurodegeneration observed in PD brains correlates with the degree of GSH 

depletion. The reason for the depletion of GSH is unclear. GSSG levels are 

similar in both control and PD brains ruling out the possibility that the depletion 

of GSH maybe due to the oxidation of GSH to GSSG (Sian et al., 1994a). The 

activities of GCL and GSH peroxidase have also been reported to be unaffected in 

PD (Sian et al., 1994b). The only enzyme involved in GSH metabolism that has 

been reported to have altered activity in PD is y-GT. The activity of y-GT has 

been estimated to be increased by 76% (Sian et al., 1994b). The increase in y-GT 

may be a protective mechanism by the surviving cells in the substantia nigra to 

increase the amount of GSH precursors available for GSH synthesis, and/or to 

remove potentially toxic GSSG.

The increased production of free radicals and other oxidising species in PD brains 

may account for the depletion of GSH. Evidence of increased NOS activity has 

been observed in the substantia nigra at post-mortem (Hunot et al., 1996; Gerlach 

et al., 1999). The use of animal models has also implicated the involvement of NO 

in the pathogenesis of PD. Administration of the dopaminergic neurotoxin N- 

methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) to rodents and primates 

mimics the biochemical characteristics of PD {e.g., Lewy body formation, 

inhibition of complex I; Cassarino et al., 1997; Zhang et al., 2000). Increased 

iNOS expression and activity has been detected in both astrocytes and micoglia in 

the substantia nigra of mice injected with MPTP (Liberatore et al., 1999). 

Furthermore, mice lacking the iNOS gene were more resistant to the effects of 

MPTP (Liberatore et al., 1999).
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The increased turnover of dopamine by monoamine oxidase in PD has also been 

postulated to increase production of hydrogen peroxide (Berman & Hastings, 

1999; Cohen & Kesler, 1999). Monoamine oxidase catalyses the metabolism of 

dopamine to dihydroxyphenylacetic acid and hydrogen peroxide (Berman & 

Hastings, 1999). The increased levels of iron throughout the PD brain may also 

contribute towards free radical production by Haber-Weiss and Fenton reactions 

(Riederer et al., 1989; Jenner & Olanow, 1998). However, it should be noted that 

the depletion of GSH observed in ILBD precedes the accumulation of iron (Dexter 

et al., 1994).

An approximate 40% loss in complex I activity has also been reported specifically 

in the substantia nigra at post mortem in PD brains (Schapira et al., 1990). The 

depletion of GSH and increased production of oxidising species may well 

contribute to the loss of enzyme activity. Indeed, complex I activity was reported 

to be unchanged in the substantia nigra of ILBD brains at post mortem, indicating 

that depletion of GSH precedes loss of complex I activity (Dexter et al., 1994).

The importance of complex I deficiency in the pathogenesis PD has been 

illustrated by the dopaminergic neurotoxin MPTP. MPTP is metabolised to 1- 

methyl-4-phenylpyridinium (MPP^) by monoamine oxidase and taken up into 

mitochondria (Ramsay & Singer, 1986). MPP^ can then inhibit complex I activity 

by binding to the ubiquinone binding site (Ramsay et al., 1991). The inhibition of 

complex I by MPP^ in rodents and primates has been shown to mimic the 

biochemical characteristics of PD such as degeneration of dopaminergic neurones 

and Lewy body formation (Cassarino et al., 1997; Liberatore et al., 1999; Zhang 

et al., 2000). Rats that have been treated with the complex I inhibitor rotenone 

have also been shown to develop clinical features of PD {e.g., rest tremor), loss of 

dopaminergic neurones, and Lewy Bodies (Betarbet et al., 2000).

Alternatively, the complex I deficiency in PD could be caused by environmental 

toxins such as MPTP and rotenone (see above). The increased metabolism of 

dopamine to 7-(2-aminoethyl)-3,4-dihydro-5-hydroxy-2H-l ,4-benzothiazine-3- 

carboxylic acid in PD has also been postulated to inhibit complex I (Li & 

Dryhurst, 1997). Oxidative stress and ageing have been postulated to increase the
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accumulation of mutations in nuclear, and in particular, mitochondrial DNA 

(Mecocci et al., 1993; Lu et al., 2000; Chen et al., 2002). Therefore the loss of 

complex I activity could be due to the mutation of either the mitochondrial or 

nuclear genes encoding the enzyme. However, no mutations have been described 

to date (Schapira, 1999).

The inhibition of complex I may also contribute towards the oxidative stress 

implicated in PD. Increased levels of the hydroxyl radical have been reported in 

the brains of MPTP injected mice (Cassarino et al., 1997), while dopaminergic 

neurones exposed to MPTP significantly increase the production of superoxide 

(Nakamura et al., 2000a).

1.17.2. Multiple Sclerosis

Considerable evidence supports the suggestion that increased NO and 

peroxynitrite production occurs in multiple sclerosis (MS). NO-inducing 

cytokines such as interferon-y (IFN-y) and interleukin-1(3 have been detected in 

MS lesions (Cannella & Raine, 1995), while cerebrospinal fluid from MS patients 

have indicated that nitrite + nitrate levels (stable degradation products of NO and 

peroxynitrite) are increased by 70% (Johnson et al., 1995). Furthermore, elevated 

levels of iNOS mRNA and nitrotyrosine residues have been detected at post 

mortem (Bo et al., 1994; Bagasra et al., 1995).

While no direct evidence has shown impairment of mitochondrial function in MS, 

studies have suggested this may be the case. As described previously, inhibition of 

complexes II+III and IV of the ETC was observed in neurones cocultured with 

astrocytes that have been activated by lipopolysaccharide (EPS) and the cytokine 

IFN-y to generate NO (Stewart et al., 1998a, 2000). However, pre-treatment of 

astrocytes with IFN-P, which is used in the treatment of MS, prior to activation by 

LPS and IFN-y prevented the inhibition of the ETC (Stewart et al., 1998a). 

Therefore, the beneficial effects of IFN-p in treating MS may in part be mediated 

by the prevention of cytokine mediated activation of astrocytes, which will
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therefore limit damage to the astrocytic and neuronal ETC. Mitochondrial damage 

has also been reported in MS lesions. Increased oxidative damage to mtDNA has 

been reported in active lesions (Lu et al., 2000), which may affect the functions of 

the ETC polypeptides encoded for by mtDNA. Furthermore, a loss of NADH 

dehydrogenase activity, which may reflect a decrease in complex I activity, was 

also reported in MS lesions (Lu et al., 2000).

1.17.3. Alzheimer’s disease

Oxidative stress has also been reported in Alzheimer’s disease (AD). Increased 

levels of protein 3-nitrotyrosine levels, a marker for peroxynitrite mediated 

damage, protein carbonyls and lipid peroxidation, have been reported in AD 

brains (Hensley et al., 1995; Smith et al., 1997; Montine et al., 2002). However, 

there are no convincing reports implicating perturbed GSH metabolism as a factor 

in the pathogenesis AD. GSH levels have been reported to be unchanged in the 

hippocampus and other regions of AD brains at post-mortem (Perry et al, 1987). 

However, total GSH levels were measured {i.e., GSH + GSSG) and therefore it is 

unknown whether the GSHiGSSG ratio is altered in AD. Glutathione peroxidase 

activity has been reported to be unchanged in the several brain regions including 

the cerebral hemisphere and cerebellum (Lovell et al., 1995; Marcus et al., 1998), 

while an increase in enzyme activity was observed in the hippocampus (Marcus et 

al., 1998). An increase in glutathione reductase was also observed in the 

hippocampus and amygdala (Marcus et al., 1998).

In addition to increased oxidative stress, the activity of complex IV has been 

reported to be lower in the cerebral cortex of AD brains (Kish et al., 1992; 

Mutisya et ah, 1994). The activity of complex IV in isolated brain mitochondria 

has also been shown to be inhibited following exposure to (3-amyloid, the peptide 

implicated in the pathogenesis of Alzheimer’s disease (Canevari et al., 1999; 

Casley et al., 2002).
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1.17.4. Amyotrophic lateral sclerosis

The discovery that some autosomal-dominant hereditary forms of amyotrophic 

lateral sclerosis (ALS) were linked to mutations in the CuZnSOD gene (Rosen et 

al., 1993) meant that oxidative stress was implicated in the progression of this 

disease. Mutated CuZnSOD enzyme dismutates superoxide at a rate similar to that 

of the wild type enzyme (Przedborski et al., 1996), and it has been proposed that 

the mutation results in a gain of function for the enzyme (Yim et al., 1996). In 

addition to the usual dismutation of superoxide, CuZnSOD has a peroxidative 

function that utilises hydrogen peroxide (the normal product of enzyme activity) 

to produce hydroxyl radicals (Yim et al., 1996). Hydroxyl radical formation is 

increased in mutant CuZnSOD and is thought to be due to the lower Km of the 

enzyme for hydrogen peroxide (Yim et al., 1996). Increased levels of 3- 

nitrotyrosine have also been measured at post mortem in both familial and 

sporadic ALS (Beal et al., 1997) suggesting that peroxynitrite may also play a role 

in the disease. Indeed, Beckman et al (1993) have suggested that peroxynitrite 

may react with the Cu atom in both normal and mutant SOD active site, resulting 

in the formation of a nitronium-like (NO]^) intermediate that can nitrosylate 

proteins, and a decrease in the scavenging of superoxide by the enzyme.

There are conflicting reports as to whether GSH metabolism is affected in ALS. 

Glutathione peroxidase activity has also either been reported to be lower 

(Przedborski et al., 1996), or unchanged (Fujita et al., 1996) in the precentral 

gyrus at post mortem.

Two reports have shown that complex IV activity is reduced in sporadic ALS in 

the spinal cord (Fujita et al., 1996; Borthwick et ah, 1999). A complex I 

deficiency has also been reported in the platelets of ALS patients (Swerdlow et 

al., 1998). However it is uncertain whether this has any bearing on the progression 

of the disease in the central nervous system.
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1.17.5. Ischaemia/Reperfusion

Ischaemia and reperfusion have been shown to alter GSH levels, increase free 

radical production, and impair mitochondrial function. Increased expression of 

iNOS has been reported in activated astrocytes following global ischaemia in the 

rat hippocampus (Endoh et al., 1994), while increased levels of 3-nitrotyrosine 

have been reported in brains at post mortem (Beal et al., 1997). Increased NOS 

activity has also been reported in astrocyte and neuronal cell culture systems 

following conditions mimicking ischaemia (Almeida et al., 1998; Griffiths et al., 

2002a).

Mitochondrial GSH levels have also been reported to be altered following 

ischaemia. A transient increase in mitochondrial GSH levels in the striatum and 

cortex has been observed after thirty minutes of forebrain ischaemia in rats and 1 

hour of reperfusion (Zaidan et al., 1999). The increase in GSH levels was partially 

prevented when the MPT pore was inhibited by cyclosporin A. However, 

ischaemia in rats for 2 or 3 hours followed by reperfusion for either 1 or 3 hours 

significantly depleted mitochondrial GSH levels (Anderson & Sims, 2002). The 

loss of GSH was closely associated with the development of brain damage.

Evidence for impaired mitochondrial function following ischaemia and 

reperfusion has also been reported in animal models. A reduction in mitochondrial 

oxygen consumption and the loss in activity of complexes I, II+III, and V was 

observed following ischaemia in gerbil brain (Allen et al., 1995; Almeida et al., 

1995). Reperfusion for 2 hours resulted in the restoration of complex I and V 

activities (Almeida et al., 1998). However, complex II+III activity remained 

affected, while a dramatic loss of complex IV activity was observed after 2 hours 

of reperfusion.

1.18. Aims of thesis

Since the availability of GSH within the cell has been shown to be important in 

protecting the ETC from oxidative stress, and that perturbed GSH metabolism.
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increased free radical production, and impaired mitochondrial function have been 

implicated in the pathogenesis of PD and possibly other neurological diseases, this 

thesis has set out to investigate:

(1) The importance of the mitochondrial GSH pool, compared to the 

cytosolic pool, in protecting the ETC from oxidative stress in 

astrocytes and neurones.

(2) The effect of NO on GSH metabolism {e.g., rate of GSH synthesis) in 

astrocytes and neurones, and the consequences this has for ETC 

dysfunction and cell viability

(3) The mechanisms by which neurones modulate GSH metabolism when 

cocultured with astrocytes, and whether this has any effect on the 

protection of the ETC from exposure to NO.
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General Materials and Methods
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2.1. Chemicals and Materials

All chemicals, enzymes and coenzymes were of analytical grade, and unless stated 

otherwise, were purchased from BDH Laboratory Supplies Ltd. (Poole, U.K.) or 

Sigma-Aldrich Company Ltd. (Poole, U.K.). In particular:

Deoxyribonuclease 1 (from bovine pancreas, EC 3.1.21.1), Earle’s Balanced Salt 

Solution, Hank’s Balanced Salt Solution, bovine serum albumin, L-glutamine, 

antibiotic antimycotic solution (lOOX), trypsin-EDTA solution (lOX, porcine 

trypsin), rabbit fluorescein isothiocyanate-conjugated anti-mouse 

immunoglobulin-G antibody, reduced glutathione, oxidised glutathione, L- 

buthionine-[S,R,]-sulfoximine, acivicin, N-nitro-L-arginine methyl ester, rotenone, 

coenzyme Q l, antimycin A, the y-glutamyltranspeptidase diagnostic kit (EC 

2.3.2.2) and the 3-hydroxybutyrate diagnostic kit were all purchased from Sigma- 

Aldrich Company Ltd. (Poole, UK).

Trypsin (from bovine pancreas, EC 3.4.21.4) and oxidised cytochrome c (from 

horse heart) were purchased from Boehringer Mannheim (Lewes, UK)

Minimal essential medium, foetal bovine serum, and tissue culture plastics were 

purchased from Life Technologies (Renfrewshire, UK).

The nitric oxide donor (z)-l-[2-aminoethyl)-N-(2-ammonioethyl)amino]diazen-l- 

ium-l,2-diolate (DETA-NO) was purchased from Alexis Biochemicals 

(Nottingham, UK).

(5)-3-hydroxy-4-pentenoic acid was synthesised by Dr. David Selwood (The 

Wolfson Institute, UCL, London, UK).

The sephadex G-25M (PD-10 columns; 3.5 ml elution volume) used to remove 

ascorbate from reduced cytochrome c were bought from Amersham Biosciences 

(Little Chalfont, UK).
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High performance liquid chromatography grade orthophosphoric acid was 

purchased from Fischer Scientific (Loughbrough, UK).

Techsphere octodecasilyl 5pm HPLC columns and guard columns were purchased 

from HPLC technologies (Macclesfield, UK).

Graphite in-line filters to protect the electrochemical detector were purchased 

from ESA (Aylesbury, UK).

Chromacol HPLC vials and caps were purchased from VWR International (Poole, 

UK).

y-glutamylcysteine and cysteinylglycine standards were supplied by Bachem 

Feinchemikalien AG (Bubendorf, Switzerland) and were a gift from Dr. Ralf 

Dringen (University of Tubingen, Germany).

The Microcon 12 kDa molecular mass cut-off centrifugal filter devices were 

purchased from Millipore (Watford, UK).

The Bio-Rad protein assay kit was purchased from Bio-Rad Laboratories 

(Hercules, California, USA).

The mouse monoclonal anti-glial fibrillary acidic protein and anti-neurofilament 

antibodies were purchased from Stemberger Monoclonals Inc. (Lutherville, 

Maryland, USA).

Cytofluor was purchased from Cytofluor Ltd. (London, UK).
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2.2. Tissue culture 

2.2.1. Cell Culture Media Composition

Solution A was composed of Earle’s balanced salt solution (BBSS) containing 75 

Kunitz units/ml of Deoxyribonuclease 1, 1% (vol/vol) antibiotic antimycotic 

solution (10 units/ml penicillin, Ipg/ml streptomycin, 2.5 ng/ml amphotericin) 

and 3 mg/ml bovine serum albumin (BSA).

Solution B was composed of 20 ml solution A supplemented with 562.5 Kunitz 

units/ml Deoxyribonuclease 1 and 27.5 units/ml trypsin.

Astrocyte medium: D-valine or L-valine based minimal essential medium (MEM) 

was supplemented with 2 mM L-glutamine, 10% (vol/vol) foetal bovine serum 

and 1% (vol/vol) antibiotic antimycotic solution.

Neurone medium: D-valine based MEM was supplemented with 25 mM KCl, 2 

mM L-glutamine, 10% (vol/vol) foetal bovine serum and 1% (vol/vol) antibiotic 

antimycotic solution.

2.2.2. Primary astrocyte culture

Astrocytes were isolated from neonatal (0-2 days) Wistar rats by a method 

adapted from Tabemero et al (1993). Neonates were decapitated, and the cortex 

removed from the brain and triturated in solution A (section 2.2.1). The triturated 

brain solution was then centrifuged at 500 x g for 5 minutes at 4 °C. The 

supernatant was discarded and the pellet digested by solution B (section 2.2.1) for 

10-15 minutes at 37 °C. Digestion was terminated by adding 1 ml foetal bovine 

serum, and the astrocytes pelleted by centrifugation at 500 x g for 5 minutes at 4 

°C. The pellet was resuspended in solution A and passed through nylon gauze (40 

pM pore size) to remove cell debris. Astrocytes were plated in 80-cm^ flasks (1 

head per flask) and cultured in D-valine based astrocyte medium (section 2.2.1) in 

an incubator (95% air/5% CO2) at 37 °C for 7 days (media changed every 3 days).
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Astrocytes were grown in D-valine based media because D-valine inhibits the 

growth of fibroblasts, while allowing astrocytes to proliferate (Cholewinski et al., 

1989).

2.2.2.1 Passage of astrocytes

Astrocytes were passaged on day 7 when they reached confluence. Cell media was 

removed, the cells washed with Hank’s Balanced Salt Solution (HBSS), and 

incubated with 5 ml trypsin/EDTA solution (0.5% (wt/vol) trypsin, 0.2% (wt/vol) 

EDTA) for 5 minutes. Trypsinisation was terminated by the addition of 10% 

(vol/vol) foetal bovine serum, and the astrocytes pelleted by centrifugation at 500 

X g for 5 minutes at 4 °C. Astrocytes were resuspended in L-valine based astrocyte 

medium (section 2.2.1) and cultured for a further 6 days (media changed every 3 

days) in the conditions described above.

2.2.2.2 Plating of Astrocytes

On day 13, astrocytes were removed from the flasks with trypsin as described 

above (section 2.2.2.1.) and resuspended in fresh L-valine based astrocyte media. 

The cells were counted and seeded onto poly-lysine coated (10 pg/ml) 6-well 

plates (1x10^ cells/well in 1 ml astrocyte medium). The cells were incubated for 

18-24 hours whereupon they were ready for experimental procedures.

2.2.2.3. Immunostaining of astrocytes

The purity of the astrocytic cultures was determined using an antibody against 

glial fibrillary acidic protein (GFAP). Astrocytes on day 13 in culture were 

removed from flasks with trypsin as above, and 50x10^ cells in 1 ml of astrocyte 

medium were seeded onto poly-lysine (10 pg/ml) coated glass coverslips (5.3 

cm^) placed in 6-well plates. The cells were than incubated for approximately 24 

hours. The medium was removed and the cells washed three times with 1ml of 

phosphate buffered saline (PBS; 0.14M NaCl, 2mM KH2PO4, pH 7.4). Astrocytes 

were fixed by adding 2 ml pre-chilled methanol (-20 °C) per well and incubating 

on ice for 5 minutes. The methanol was then removed and washed three times
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with 1 ml PBS. Each coverslip was then blocked by addition of 1 ml 1% (vol/vol) 

horse serum in PBS for 30 minutes at room temperature. Coverslips were then 

washed three times with 1 ml PBS. The GFAP antibody (1 ml; 1:2000 (vol/vol) in 

PBS) was then incubated with the each coverslip for 18 hours in the dark at 4 °C. 

then diluted. One coverslip was incubated with 1 ml PBS as a blank control. 

Following the overnight incubation, all coverslips were then washed three times 

with PBS, and then incubated with 1 ml of fluorescein isothiocyanate (FITC)- 

conjugated secondary anti-mouse immunoglobulin-G antibody (1:500 (vol/vol) in 

PBS) in the dark for 1 hour at room temperature. The coverlips were then washed 

three times with PBS. Cells were then incubated with 1 ml 0.5% (vol/vol in PBS) 

4’-6-diamidino-2-phenyllindole (DAPI) in the dark for 10 minutes at room 

temperature to stain cell nuclei. Finally, the coverslips were washed three times 

with PBS and mounted on glass microscope slides (BDH Ltd; 76 x 26 mm) with 

10 pi Cytofluor. Digital imaging of cells was performed using a Zeiss 510 CLSM 

laser scanning confocal microscope (Solent Scientific, Portsmouth, UK) equipped 

with a 40X oil immersion quartz objective lens and a 2OX quartz objective lens. 

The fluorescence of the FITC-conjugated antibodies was imaged by illuminating 

cells using the 488 nm emission line of a helium-neon laser, and the fluorescence 

was collected at wavelengths longer than 505 nm. In order to image DAPI 

fluorescence, cells were illuminated using the 351nm laser line of an argon laser 

and the fluorescence signal was collected at 435 and 485nm. The microscope 

pinhole was maintained at a confocal thickness of about 5 mm.

The purity of the cultures was calculated by determining the proportion of DAPI 

fluorescence containing cells that were also positive for GFAP fluorescence. 

Astrocyte cultures showed a 95 ± 1% immunopositivity against GFAP (n=3; 

Figure 2.1). No GFAP fluorescence was detected in the blank control incubated 

with just the secondary antibody.

2.2.3 Primary neurone culture

Neurones were isolated from Wistar rat foetuses (embryonic day 17) as described 

above (section 2.2.2). Neurones were plated onto poly-omithine (10 pg/ml) coated
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Figure 2.1. GFAP stained astrocytes
Astrocytes (~ 50x10^ cells/coversiip) were incubated with a GFAP antibody and a 

secondary antibody conjugated to FITC. Cell nuclei were also detected using the 

fluorescent dye DAPI. Cells were imaged using confocal microscopy. Cell nuclei 

are blue, while astrocyte associated GFAP fluorescence is green. Astrocytes were 

magnified 20X.

76



6-well plates (2.5x10 cells/well in 1.5 ml neuronal media) and cultured in an 

incubator (95% air/5% CO2) at 37 °C for 3 days. On day 3, neurones were fed 

with fresh neuronal media supplemented with 1 mM cytosine p-D-arabino- 

furanoside, and cultured in the incubator for a further 3 days. Experimental 

procedures were performed on neurones on day 6 in culture.

2.2.3.I. Immunostaining of neurones

Neurones were isolated from Wistar rats as above, and 50x10^ cells seeded on to 

poly-lysine (100 pg/ml) coated coverslips in 1.5 ml neuronal medium. The 

neurones were then cultured for 6 days as above (section 2.2.3). The purity of 

neuronal cultures was then determined using a mouse antibody against 

neurofilament (NF) protein. Neurones were stained as above (section 2.2.2.3) with 

1 ml NF primary antibody (1:200 (vol/vol) in PBS) and a FITC-eonjugated 

secondary antibody. Neuronal cultures showed a 90 ± 4 % immunopositivity 

against NF (n=4; Figure 2.2). No NF fluorescence was detected in the blank 

control incubated with just the secondary antibody.

2.2.4. Treatment and Harvest of Astrocytes/Neurones

Astrocytes and neurones plated in 6-well plates were incubated with 1 ml fresh 

astrocyte/neuronal media respectively containing the appropriate treatments for a 

defined period of time. Upon completion of the experiment, the cells were washed 

in HESS, removed from the wells with 1 ml trypsin, and centrifuged as above 

(2.2.2.1). Pelleted cells were resuspended in 300 pi isolation medium (320 mM 

sucrose, 10 mM Tris, 1 mM EDTA, pH 7.4), frozen in liquid nitrogen, and stored 

at -70°C except where stated.
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Figure 2.2. Neurones immunopositive for neurofilament
Neurones (~ 50x10^ cells/coverslip) were incubated with NF antibody and a 

secondary antibody conjugated to FITC. Cell nuclei were also detected using the 

fluorescent dye DAPI. The neurones were imaged using confocal microscopy. 

Cell nuclei are blue, while neurone associated NF fluorescence is green. Neurones 

were magnified 40X.
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2.3. Isolation of Mitochondria

2.3.1. Isolation of mitochondria from astrocytes and neurones

Mitochondria were isolated from neurones (day 6 in culture) and astrocytes (day 

14 in culture) as previously described by Almeida & Medina (1997). Neurones 

(-20x10^) and astrocytes (-15x10^) were removed from 6-well plates and flasks 

respectively by incubating the cells with 0.07% (wt/vol) trypsin resuspended in 

isolation medium (section 2.2.4) for 5 minutes. Trypsinisation was stopped by 

addition of an equal volume of isolation medium supplemented with 10% foetal 

bovine serum. The cells were pelleted by centrifugation at 500 x g for 5 minutes at 

4 °C and resuspended in 4 ml isolation medium. Cells were optimally 

homogenised on ice by 35 strokes of a tight fitting glass-teflon bomogeniser 

revolving at 550 rpm. Cell bomogenates were centrifuged at 1500 x g for 10 

minutes at 4 °C, the supernatant placed on ice, and the pellet resuspended in 3 ml 

isolation medium, homogenised and centrifuged as above. The supernatants were 

then combined and centrifuged once more at 1500 x g (10 minutes, 4 °C). The 

pellet was discarded, and the supernatant centrifuged at 17000 x g for 11 minutes 

at 4 °C. The mitochondrial pellet was resuspended in 280 p.1 isolation medium 

(protein concentration ~ 0.5 mg/ml), frozen in liquid nitrogen, and stored at -70 

°C until required. The activity of the mitochondrial marker enzyme citrate 

synthase (section 2.4.4) was enriched approximately 3-fold between the initial cell 

homogenate and the final mitochondrial pellet in both astrocytes and neurones 

when cells were homogenised with 35 strokes (Table 2.1.). This is comparable to 

the 3 to 4 fold mitochondrial enrichment reported by Almeida & Medina (1997).

2.3.2. Liver mitochondria preparation

Liver mitochondria were isolated from adult Wistar rats using the method 

described by Hayes et al (1985). The liver was chopped up in ‘high’ EDTA 

isolation medium (210 mM mannitol, 70 mM sucrose, 50 mM Tris, 10 mM EDTA 

(K^ salt), pH 7.4) manually and with a blender. The liver was then homogenised 

in a tight fitting glass-glass bomogeniser. The homogenate was then centrifuged at
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Citrate Synthase Activity (nmol/min/mg protein)
Fraction

astrocyte neurone

homogenate 102.7 ±4.3 163.0 ±24.5

mitochondria 330.0 ±25.8 457.4 ± 19.3

cytosol 5.9 ± 1.5 30.7 ± 10.3

Table 2.1. Enrichment of citrate synthase activity during isolation of 

mitochondria from astrocytes and neurones.

Mitochondria were isolated from astrocytes and neurones and citrate synthase 

activity assayed in each fraction. Data are mean ± SEM of 5-7 independent 

mitochondrial isolations.

1500 X g for 3 minutes at 4 °C, the supernatant stored on ice, and the pellet 

homogenised and centrifuged as above. The supernatants were combined and 

centrifuged at 17000 x g for 11.1 minutes (4 °C). Red blood cells were removed 

and the mitochondrial pellet was resuspended in Tow’ EDTA isolation medium 

(225 mM mannitol, 75 mM sucrose, 10 mM Tris, 100 pM EDTA (K^ salt), pH 

7.4) in a loose fitting glass-teflon bomogeniser. The homogenate was spun once 

more at 17000 x g as above. Finally, the mitochondrial pellet was homogenised 

with a loose fitting glass-teflon bomogeniser in Tow’ EDTA isolation medium. 

Citrate synthase activity was enriched approximately 3 fold between initial 

homogenate and the final mitochondrial pellet.

2.4. Enzyme Assays

2.4.1. Complex I Assay (NADH:ubiquinone reductase; EC 1.6.5.3)

Complex I activity was determined spectrophotometrically using an Uvikon 941 

spectrophotometer as described by Ragan et al (1987). Sample (10-20 pg protein; 

freeze-thawed three times in liquid nitrogen) was mixed with 20 mM phosphate 

buffer (20 mM KH2PO4, 20 mM K2HPO4, 8 mM MgCl2, pH 7.2), 2.5 mg/ml BSA, 

0.15 mM NADH, and 1 mM KCN in a cuvette. The reaction was started by the
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addition of 50 |0-M coenzyme Ql. Enzyme activity was measured at 30 °C by 

following the oxidation of NADH to NAD^ at 340 nm for 5 minutes (NADH 

extinction coefficient 6.81 x 10  ̂M'Vm"^; total volume 1 ml; path length 1 cm). 

After 5 minutes, 20 p,M rotenone was added, and rotenone insensitive NADH 

oxidation was measured for 5 minutes. Complex I activity was calculated by 

subtracting the rotenone insensitive NADH oxidation rate from total NADH 

oxidation rate (units = nmol/min/mg protein). Note that all cuvettes were run 

against a reference cuvette that contained sample and all the substrates except 

coenzyme Ql. Complex I activity was proportional to protein between 5 and 25 

|j,g protein (R  ̂0.9886).

2.4.2. Complex II+III assay (succinate cytochrome c reductase; EC 1.8.1.3)

Complex II+III activity was determined spectrophotometrically using an Uvikon 

941 spectrophotometer as described by King (1967). Sample (10-20 pg protein; 

freeze-thawed three times in liquid nitrogen) was mixed with 100 mM phosphate 

buffer (100 mM KH2PO4, 100 mM K2HPO4, pH 7.4), 0.3 mM EDTA, 1 mM 

KCN, and 100 pM oxidised cytochrome c (from horse heart) in a cuvette. The 

reaction was started by addition of 20 mM succinate and enzyme activity 

measured at 30 °C by following the reduction of cytochrome c at 550 nM for 5 

minutes (cytochrome c extinction coefficient 19.2x10^ M'^cm'^; total volume 1 

ml; path length 1 cm). After 5 minutes, 10 pM antimycin A was added, and the 

antimycin A insensitive rate of cytochrome c reduction was followed for a further 

5 minutes. Complex II+III activity was calculated by subtracting the antimycin A 

insensitive cytochrome c reduction rate from total cytochrome c reduction rate 

(units = nmol/min/mg protein). Note that all cuvettes were run against a reference 

cuvette that contained sample and all the substrates except succinate. Complex 

II+III activity was proportional to protein between 5 and 35 pg protein (R^ 

0.9776).
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2.4.3. Complex IV assay (cytochrome c oxidase; EC 1.9.3.1)

2.4.3.1. Reduction of oxidised cytochrome c

Ascorbate crystals were added to oxidised cytochrome c (0.8mM, horse heart) 

until a colour change was observed from dark to light red. The reduced 

cytochrome c was then passed through a PDio gel filtration column (column 

equilibrated by washing column with 30 ml of 10 mM phosphate buffer, pH 7.0) 

to remove the ascorbate from the reduced cytochrome c. The concentration of 

reduced cytochrome c was determined by mixing 50 pi reduced cytochrome c 

with 950 pi H2O in both a sample and reference cuvette. The sample cuvette was 

‘zeroed’ against the reference cuvette at an absorbance of 550 nm. 1 mM 

ferricyanide was then added to the reference cuvette to oxidise the reduced 

cytochrome c, and the absorbance of the sample cuvette noted (cytochrome c 

extinction coefficient 19.2x10^ M'^cm’’; total volume 1 ml; path length 1 cm).

2.4.3.2. Measurement of complex IV activity

Complex IV activity was determined spectrophotometrically using an Uvikon 941 

spectrophotometer as described by Wharton & Tzagoloff (1967). In a sample and 

reference cuvette, 10 mM phosphate buffer (10 mM KH2PO4, 10 mM K2HPO4, 

pH 7.0) and 50 pM reduced cytochrome c was mixed, and the sample cuvette 

zeroed against the reference. To the reference cuvette, ImM ferricyanide was 

added to oxidise the cytochrome c, yielding an absorbance of approximately 1.0 at 

550 nm in the sample cuvette prior to addition of sample. Sample (10-20 pg 

protein; freeze-thawed three times in liquid nitrogen) was then added to the 

sample cuvette and the oxidation of cytochrome c at 550 nm was measured for 5 

minutes at 30 °C against the reference cuvette (cytochrome c extinction coefficient 

19.2x10^ M'^cm'^; total volume 1 ml; path length 1 cm). Since complex IV 

activity is dependent on the concentration of cytochrome c, complex IV activity is 

expressed as the first order rate constant k per minute per mg protein. Activity was 

determined by noting the highest positive absorbance following sample addition (t 

= 0 minutes), and the absorbance every minute after that for 3 minutes, k was
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calculated by: ((In (A550 t=o / A550 t=n) / number of minutes)/protein concentration. 

The rate constant for each sample was taken as the mean of k at 1, 2 and 3 

minutes. Complex IV activity was proportional to protein between 2 and 20 pg 

protein (R^ 0.9802).

2.4.4. Citrate Synthase Assay (EC 4.1.3.7)

Citrate synthase (CS) activity was determined spectrophotometrically using an 

Uvikon 941 spectrophotometer as described by Shepherd & Garland (1969). 

Sample (10-20 pg protein; freeze-thawed three times in liquid nitrogen) was 

mixed with buffer (100 mM Tris, 0.1% (v/v) Triton X-100, pH 8.0), 0.1 mM 

acetyl coenzyme A, and 0.2 mM 5,5’ dithio-bis-(nitrobenzoic acid)(DTNB) in a 

cuvette (total volume 1 ml, path length 1 cm). The reaction was started by the 

addition of 0.2 mM oxaloacetate, and activity measured at 412 nm for 5 minutes at 

30 °C (DTNB extinction coefficient 13.6x10^ M'^cm"^). Samples were run against 

a reference cuvette that contained sample and all substrates except oxaloacetate. 

Citrate synthase activity was linear between 5 and 25 pg protein (R  ̂0.999).

2.4.5. 3-hydroxybutyrate dehydrogenase assay (EC 1.1.1.30)

This spectrophotometric assay is based on the method described by Zhang et al 

(1989) with minor modifications. Sample (5-25 pg protein freeze thawed three 

times) was mixed with assay buffer (10 mM KH2PO4, 10 mM K2HPO4, pH 7.35), 

0.5 mM EDTA, 0.3 mM DTT, 0.4 mg/ml BSA, 2 mM NAD^ and 15 pM 

rotenone), and incubated at 37 °C for 10 minutes. The reaction was then initiated 

by the addition of 20 mM 3-hydroxybutyrate to the sample cuvette (reference 

cuvette contained all components except 3-hydroxybutyrate) and enzyme activity 

measured by following the reduction of NAD"  ̂ at 340 nm for 5 minutes (NADH 

extinction coefficient 6.81x10^ M'^cm’ ;̂ total volume 1 ml; path length 1 cm). 

Enzyme activity (nmol/min/mg protein) was linear with respect to protein between 

5  and 300 ng (R^ 0.9943).
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2.4.6. Lactate Dehydrogenase Assay (EC 1.1.1.27)

Lactate dehydrogenase (LDH) activity was determined spectrophotometrically as 

described by Vassault (1983). LDH released into 1 ml cell culture media by 1x10^ 

astrocytes or 2.5x10^ neurones was used as an index of cell viability. Assay buffer 

(100 mM KH2PO4, 100 mM K2HPO4, 170 mM sodium pyruvate, pH 7.5) was 

mixed with 0.16 mM NADH in the sample and reference cuvettes. Absorbance 

was then monitored at 340 nm for 2 minutes. Sample (20 pi cell homogenate 

solubilised in 0.1% (v/v) Triton X-100 and freeze thawed once; 33 pi cell culture 

media freeze thawed once) was added to the sample cuvette and the oxidation of 

NADH measured at 340 nm for 5 minutes at 30 °C (NADH extinction coefficient 

6.81x10^ M'^cm"% total volume 1 ml; path length 1 cm). The % release of LDH 

into culture medium was calculated as: LDH activity in media / LDH activity in 

media + cells (Bolanos et al., 1995). LDH activity was linear with respect to 

protein (5-20 pg, 0.9999).

2.4.7. y-glutamyltranspeptidase assay (EC 2.3.2.2)

y-glutamyltranspeptidase (y-GT) activity was measured using the Sigma 

Diagnostics kit. y-GT catalyses the following reaction:

L-y-glutamyl-3-carboxy-4-nitroanilide + glycylglycine

y-GT

5-amino-2-nitrobenzoate + L-y-glutamylglycylglycine

i

Enzyme activity was measured by following the formation of 5-amino-2- 

nitrobenzoate at an absorbance of 405 nm (extinction coefficient 9.5 x 10  ̂M'Vm" 

)̂. Following experimental procedures, astrocytes/neurones were scraped into 300 

pi HBSS and kept on ice. A 25 pi aliquot of sample (~ 20 pg) was added to 1 ml 

y-GT reagent (containing 4.36 mM L-y-glutamyl-3-carboxy-4-nitroanilide, 60 mM 

glycylglycine) and activity measured for 5 minutes at 37 °C. Activity was
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completely inhibited following addition of the y-GT inhibitor acivicin (220 pM). 

Activity was proportional to protein between 5 and 25 pg protein (R^ 0.9773).

2.5. Protein Determination

Sample protein concentration was determined by the Lowry method (Lowry et al., 

1951). To 200 pi of sample (freeze thawed twice; typically diluted 1/10 or 1/20 

(vol/vol) in water) or BSA standards, 100 pi of alkaline copper tartate and 800 pi 

of Folin-Ciocalteu phenol reagent was added. Samples were vortexed and 

incubated at room temperature in the dark for 20 minutes. Absorbance was 

measured on an Uvikon 941 spectrophotometer at 750 nm. Sample protein 

concentration was calculated from the BSA standard calibration curve (0-200 

pg/ml).

2.6. GSH Quantitation

Cellular GSH concentration was determined by reverse-phase HPLC coupled to a 

dual-electrode electrochemical detector as previously described by Riederer et al. 

(1989).

2.6.1. Reverse-phase HPLC

A scheme of the reverse-phase HPLC system is shown in Figure 2.3. Sample (20 

pi) was injected by a Kontron HPLC 360 autosampler (Watford, U.K.) through a 

guard colunrn (octadecasilyl; 3mm x 10 mm) to remove debris, and resolved using 

a reverse-phase Techsphere octadecasilyl column (particle size 5 pm, 4.6 mm x 

250 mm) maintained at 30°C by a column heater (Jones Chromatography; 

Glamorgan, U.K.). The mobile phase was 15 mM orthophosphoric prepared in

18.2 MQ H2O (pH 2.5) and degassed by a DEG-1033 degasser (Kontron 

Instruments). The flow rate was maintained at 0.5 ml/min by a Jasco PU-1580 

pump (Great Dunmow, UK). Following separation by the column, GSH was 

electrochemically detected by an ESA 5010 analytical cell containing an upstream
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Figure 2.3. Schem e to illustrate the apparatus used to determ ine GSH  

by reverse-phase HPLC and eleetroehem ical detection.

El, upstream electrode; E2, downstream electrode.
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and downstream electrode (ESA Analytical; Aylesbury, UK). The upstream 

electrode screens out molecules with a lower oxidation potential than GSH, while 

the downstream electrode oxidises GSH (see section 2.6.2). The magnitude of 

current generated by the oxidation of GSH at the downstream electrode was 

proportional to the amount of GSH and was recorded as a chromatogram on a 

Thermoseparation Products Chromejet integrator (Anachem; Luton, UK) at a 

chart speed of 0.25 cm/minute. Note that prior to detection of samples, mobile 

phase was circulated through the column and electrode for 18 hours. This allows 

the electrochemical detector to settle and yield a low baseline current (0.02-0.1 

mA).

2.6.2. Electrochemical Properties of GSH

GSH standards (5 pM) were injected and measured at various downstream 

electrode potentials to determine the optimal potential for GSH detection (Figure 

2.4; upstream electrode set at +100 mV). GSH detection by the downstream 

electrode reached a plateau between +575 to +600 mV. Electrochemical detection 

of GSH standards was linear between 1 and 10 pM (R  ̂0.991).

2.6.3. Sample Preparation

GSH standards (1-lOpM) were prepared in 15 mM orthophosphoric acid and 

stored at -70°C. GSH from cell homogenates/mitochondria were diluted in 

phosphate buffered saline (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HP0 4 , 1.8 

mM KH2PO4, pH 7.2) if required, and mixed 1:1 (vol/vol) with 15 mM 

orthophosphoric acid to extract GSH. Samples were then centrifuged at room 

temperature for 5 minutes at 14000 x g to pellet protein. The supernatant was then 

sealed in Chromacol HPLC vials ready for injection onto the HPLC column (see 

section 2.6.1.). A typical GSH chromatogram is shown in Figure 2.5. The current 

generated by samples was converted into sample concentration using a GSH 

standard calibration graph (1-10 pM). GSH concentration was expressed as 

nmoles GSH/mg protein. When astrocyte samples were spiked with GSH standard
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Figure. 2.4. Voltamogram of GSH

GSH standards (5 |l iM )  were separated by reverse-phase HPLC and detected by 

electrochemical detection. The upstream electrode was set at +100 mV while the 

downstream electrode was set at potentials between +100 and +600 mV. Optimal 
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Figure 2.5. Chromatogram of an astrocyte sample

GSH from an astrocyte homogenate was extracted in to 15 mM OPA and 

quantitated by electrochemical detection following separation by reverse-phase 

HPLC. GSH has a retention time of 10.5 minutes. The arrow denotes point of 

injection.
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(2.5|0-M), and extracted into orthophosphoric acid as above, a 98 ± 2% (n=6) 

recovery of GSH was obtained. The stability of GSH extracted into 15 mM 

orthophosphoric acid was unaffected at room temperature for at least 24 hours, or 

by freezing and storage at -70°C for at least a year.

2.7. Statistical Analysis

The linear regression of graphs was calculated using Microsoft Excel.

All results are expressed as mean ± SEM for the number of independent cell 

culture/mitochondria preparations stated. The statistical significance of data sets 

was assessed using either Student’s t-test or one-way ANOVA followed by the 

least significant difference test where stated, p < 0.05 was considered significantly 

different compared to control. Complex activities expressed as a ratio against 

citrate synthase activity were transformed to yield data with a normal distribution 

before statistical evaluation (Personal communication from Professor Richard 

Lowry, Professor of Psychology, Vassar College, New York, USA).

Transformation = arcsin ^(complex activity/citrate synthase activity)
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Chapter 3

Development of a glutamate-cysteine ligase 

assay based on reverse-phase HPLC and 

electrochemical detection
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3.1. Introduction

The biological functions of GSH are of considerable interest, with the tripeptide 

implicated in protecting cells from oxidative stress (Bolanos et al., 1995, 1996; 

Barker et al., 1996; Iwata-Ichikawa et al., 1999; Jha et al., 2001), acting as a 

storage and transport form of cysteine (Dringen et al., 1999a; Lu, 2000), and 

detoxifying xenobiotica (Anderson & Meister, 1983).

GSH is synthesised by the consecutive action of the ATP dependent cytosolic 

enzymes glutamate-cysteine ligase (GCL; also known as y-glutamylcysteinyl 

synthetase; EC 6.3.2.2; reaction 3.1) and glutathione synthetase (GS; EC 6.3.2.3; 

reaction 3.2;Yip & Rudolph, 1976; Anderson & Meister, 1983; Luo et al., 2000).

L-glutamate +  L-cysteine +  ATP ■> y-glutam ylcysteine +  ADP + Pj (3.1)

y-glutamylcysteine + glycine + ATP y-glutamylcysteinylglycine + ADP+ Pj (3.2)

GCL is postulated to be the rate-limiting enzyme in GSH synthesis (Anderson & 

Meister, 1983; Grant et al., 1997). Kinetic studies have indicated that the reaction 

catalysed by GCL requires all substrates to be bound before the products are 

formed (Orlowski & Meister, 1971; Yip & Rudolph, 1976). L-glutamate and ATP 

are thought to react first to form a tightly bound y-glutamylphosphate group, 

which subsequently reacts with L-cysteine (Orlowski & Meister, 1971). The Km 

of purified rat kidney GCL for L-glutamate and L-cysteine are calculated to be 1.4 

mM and 0.2 mM respectively (Huang et al., 1993a). The specific GCL inhibitor L- 

buthionine-(S,R)-sulfoximine (L-BSO) binds to the enzyme at the site usually 

reserved for glutamate and cysteine (Griffith & Meister, 1979; Griffith, 1982). In 

the presence of ATP, GCL phosphorylates L-(S)-BSO resulting in the inhibitor 

being tightly, but noncovalently, bound to the GCL active site (Griffith & Meister, 

1979; Campbell et al., 1991). Since cells contain MgATP, L-(S)-BSO is 

considered to be an irreversible inhibitor when used in vivo or in vitro. Only L-(S)- 

BSO can be phosphorylated by GCL (Campbell et al., 1991). L-(R)-BSO is a 

reversible inhibitor of GCL and binds competitively with glutamate (Ki 0.11 mM; 

Campbell et al., 1991).
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The availability of GSH has been implicated in dictating cellular susceptibility of 

astrocytes and neurones to oxidative stress (Bolanos et al., 1995,1996; Iwata- 

Ichikawa et ah, 1999). Furthermore, alterations in GSH metabolism have been 

implicated in the pathogenesis of several neurological diseases such as 

Parkinson’s disease (PD; Dexter et al., 1994; Sian et al., 1994a; Schulz et al., 

2000). Therefore, given the importance of GCL in determining cellular GSH 

concentration, and the aim of this thesis to investigate the effects of NO on GSH 

metabolism in astrocytes and neurones, it is imperative that the activity of this 

enzyme can be measured in biological samples following various experimental 

paradigms.

Existing GCL assays rely on either the derivitisation of y-glutamylcysteine (y-GC) 

or linked assays to measure enzyme activity. The widely used spectrophotometric 

method of Seelig and Meister (1984) measures the rate of ADP formation by 

GCL, in the presence of phosphoenolpyruvate, pyruvate kinase and lactate 

dehydrogenase, by following the oxidation of NADH by the latter enzyme at 340 

nm. However, linking NADH oxidation to ADP production by GCL, via two 

exogenously added enzymes, inevitably leads to a loss of specificity as well as 

complicating the assay. Several HPLC methods for measuring y-GC following 

defined incubations have also been reported in recent years. These assays depend 

on the derivitisation of y-glutamylcysteine by ort/zo-phthalaldehyde, 

monobromobimane or A-(l-pyrenyl) maleimide prior to resolution by reverse- 

phase HPLC (Winters et al., 1995; Noctor & Foyer, 1998; Liu et al., 1998; Birago 

et al., 2001). The modified y-GC is measured either fluorometrically (Winters et 

al., 1995; Noctor & Foyer, 1998; Liu et al., 1998) or electrochemically (Birago et 

a l, 2001).

This chapter describes the development of a reverse-phase HPLC method that can 

directly measure the amount of y-GC synthesised by GCL without the need for 

extensive preparation or derivitisation. Since this thesis will investigate the effects 

of NO on GSH metabolism in astrocytes and neurones, the assay has been 

validated for use with these cell types.
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3.2. Methods

3.2.1. Cell culture

Primary astrocytes and were cultured as described in section 2.2. Astrocytes were 

harvested on day 14 from flasks 24 hours after change of media.

3.2.2. Reverse-phase chromatography and electrochemical detection

GSH and y-GC concentration was determined by reverse-phase HPLC coupled to 

a dual-electrode electrochemical detector as previously described in section 2.6.1.

3.2.3. Preparation of sample standards

Stock y-GC and GSH standards (5 pM) were prepared in 15 mM orthophosphoric 

acid and stored at -70°C until required. The stability of the standards was 

unaffected by freezing and storage. y-GC or GSH prepared in 15 mM 

orthophosphoric acid was also stable at room temperature for at least 24 hours. To 

determine the percentage of the standards in the reduced form, 2.5 pM y-GC and 

GSH standards were mixed with 20 pM DTNB and 100 mM Tris and the 

absorbance measured at 412 nm (DTNB extinction coefficient 13.6x10^ M'^cm'^; 

Ellman, 1959). The amount of reduced y-GC and GSH was 99% and 98% 

respectively.

3.2.4. Determination of GCL activity in astrocytes and neurones

Astrocytes or neurones were harvested (as described in section 2.2.4.) and 

resuspended in 300 pi isolation medium (320 mM sucrose, 10 mM Tris, 1 mM 

EDTA (K^ salt), pH 7.4). Samples were freeze/thawed in liquid nitrogen three 

times and centrifuged at 3000 x g for 5 minutes at 4 °C to pellet cell debris. The 

supernatant was then centrifuged through a microcon centrifugal filter device with
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a 10 kDa molecular mass cut off filter at 12000 x g for 15 minutes at 4 °C. 

Approximately 70% of the liquid was forced through the columns. This step 

removes glycine, other amino acids, cofactors and small molecules (e.g. GSH) 

from the cell extracts to deter (i) the conversion of y-GC to GSH during the course 

of the assay (equation 2, section 3.1) and (ii) GSH and other molecules interfering 

with the assay. An aliquot of retained protein (i.e. the 30% of sample not forced 

through the column) was mixed with assay buffer (0.1 M Tris-HCl, 0.15 M KCl, 

20 mM MgCl], 2 mM EDTA (K^ salt), pH 8.2), 10 mM ATP, 10 mM L-cysteine, 

40 mM L-glutamate and 220 pM of acivicin (to inhibit the degradation of y-GC by 

y-glutamyltranspeptidase (y-GT); Stole et al., 1990) for 15 minutes at 37 °C (final 

reaction volume 100 pi). The reaction was stopped by the addition of 1 volume of 

15 mM orthophosphoric acid and centrifugation at 14000 x g for 5 minutes. The y- 

GC in the supernatant was then resolved by reverse-phase HPLC and detected by 

an electrochemical detector as described in section 2.6.

3.2.5. Other biochemical analyses

y-GT activity and the protein concentration of the astrocyte samples retained by 

the centrifugal filter device were determined as described in sections 2.4.7. and

2.5. respectively.

3.3. Experimental protocols

Chromatography and electrochemical properties of y-GC;

y-GC standards (5 pM) were resolved by reverse-phase HPLC and measured at 

various downstream electrode potentials (between +100 and +650 mV) to 

ascertain (i) the optimal parameters for electrochemical detection and (ii) the 

retention time of y-GC.

L-BSO inhibition curve of GCL activity:

GCL activity was determined in astrocyte cell extracts in the presence of the GCL 

inhibitor L-BSO to determine the specificity of the assay. Astrocyte samples (15 

pg protein) were preincunated with 5 nM - 5 mM L-BSO and 10 mM ATP for 5
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minutes at room temperature. GCL activity was then assayed as above (section 

3.2.4) in the presence of the respective L-BSO concentration to determine the Ki 

of the enzyme for L-BSO.

Validation of GCL assay:

The GCL assay was validated in astrocytes to check (a) activity was linear with 

respect to protein (10-40 pg) and time (0-20 minutes), and (b) the assay was 

reproducible.

3.4. Results

3.4.1. Chromatography and electrochemical detection of y-GC

The thiol group of GSH can be detected electrochemically following HPLC 

separation using orthophosphoric acid as the mobile phase (section 2.6; Riederer 

et al., 1989). Therefore, the thiol group of y-GC should also be electrochemically 

active under the same HPLC conditions. y-GC standards (5 pM) were separated 

by reverse phase HPLC and measured at various downstream electrode potentials 

to ascertain the optimal parameters for y-GC detection (Figure 3.1). The 

voltamogram revealed that y-GC was electrochemically active, with a plateau of 

detection attained between +600 and +650 mV. However, when astrocyte samples 

were analysed (section 3.4.2.), several extra peaks were detected at +650 mV 

compared to +600 mV, which obscured detection of y-GC. Consequently a 

downstream electrode potential of +600 mV was chosen for optimal y-GC 

detection. Detection of y-GC was linear between 1 and 10 pM (R  ̂0.9984).
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Figure 3.1. A voltamogram of y-GC and GSH standards

y-GC and GSH standards (5 jaM) were resolved by reverse-phase HPLC and 

detected by an electrochemical detector. The upstream electrode was set at +100 

mV, while the downstream electrode sequentially set at a potential between +100 

and +650 mV to determine optimal conditions for detection. Optimal y-GC and 

GSH detection was observed at a potential between +600 and +650 mV.
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Although optimal electrochemical detection of both y-GC and GSH occurred at a 

potential of +600 mV (Figure 3.1), the voltamagram of y-GC was distinct to that 

of GSH, with the signal generated by equimolar y-GC less than that for GSH. 

Since the GSH and y-GC standards were between 98 and 99% in the reduced 

form, the difference in signal is likely to relate to the difference in the 

electrochemical properties of the two molecules. The separation of y-GC and GSH 

standards by reverse-phase HPLC is shown in Figure 3.2. Under the 

chromatographic conditions employed y-GC and GSH are distinguishable from 

each other, with the retention time of y-GC approximately 30 seconds longer than 

that of GSH. The retention times of the GCL assay substrate cysteine, and 

cysteinylglycine, which may also occur in the reaction mixture, were 

approximately 5 minutes, and do not interfere with the y-GC peak.

3.4.2. GCL activity in cultured astrocytes

Following incubation of astrocyte cell extracts with the assay reaction mixture, y- 

GC could clearly be detected (Figure 3.3). GCL activity was calculated by 

measuring the amount of y-GC synthesised over a defined period and related to 

the protein content of the sample assayed. The activity of GCL in astrocytes was 

estimated to be 9.7 ± 1.7 nmol y-GC synthesised/min/mg protein (n = 9 

independent cell culture preparations). The method was reproducible, with 

approximately 6 % variability observed when an astrocyte homogenate was 

assayed three times in separate reaction mixtures (e.g. different assay buffer, ATP 

etc.). The GCL assay was linear with respect to both protein (10 pg to 40 pg of 

protein (Figure 3.4A)) and time (0 to 20 minutes (Figure 3.4B)). A small y-GC 

peak (< 0.2 pA) could be detected using 5 pg of protein, however this was found 

to be at the limit of detection and not advisable.
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Figure 3.2. Chromatogram of y-GC, GSH, cysteine and cysteinylglycine

standards (2.5 |xM).

Standards were separated by reverse-phase HPLC and detected electrochemically. 

Arrow denotes injection of standards
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Figure 3.3. A typical GCL assay chromatogram

Astrocyte sample was assayed as described in section 3.2.4 and detected 
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Figure 3.4. GCL activity against protein and time

Astrocyte samples were assayed for 15 minutes when determining whether GCL 

activity was linear with protein (a), while 15 pg protein was assayed for each time 

point in (b). Each point was assayed in triplicate.
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To assess the specificity of the GCL assay, enzyme activity was determined in the 

absence or presence of the GCL inhibitor L-BSO. Astrocytic GCL activity was 

totally abolished when the assay was performed in the presence of 5 mM L-BSO. 

Astrocyte samples were also incubated with a range of L-BSO concentrations (5 

nM - 500 p-M) to obtain an inhibition curve (Figure 3.5). The Ki for L-BSO was 

estimated to be approximately 100 pM.

No y-GC peak was observed following incubation of sample with just ATP alone 

(no cysteine or glutamate). Cysteine and cysteinylglycine (derived from the 

enzymatic degradation of GSH by y-GT) were found to have a shorter retention 

time than y-GC (Figure 3.2). Furthermore, cystine and GSSG, formation of which 

could also occur during the course of the assay, were undetectable at the electrode 

potentials used in this assay. Given the absence of a y-GC peak in samples 

incubated with L-BSO or ATP alone, and the different retention times of other 

metabolites, the results suggest this assay is specifically measuring GCL activity.

It should be noted that a residual GSH peak was occasionally observed following 

sample preparation. The amount of residual GSH was estimated to be 0.91 ±0.1 

pM (n = 7). The peak was not due to de novo GSH synthesis since the GSH peak 

could also be seen when sample was incubated with just ATP alone or assayed in 

the presence of 5 mM L-BSO. The contaminating GSH should not affect the 

assay, as the Ki of GCL for GSH is 8.2 mM (Huang et aL, 1993a).

A 97-100% (n = 3) recovery of y-GC standard was obtained when samples were 

spiked, indicating that there was little loss of product following acid extraction 

and precipitation of protein prior to loading on to the HPLC column. Spiking also 

indicated that there was no metabolism of y-GC by enzymes in the cell extract 

such as y-GT and y-glutamylcyclotransferase (y-GCT) of the y-glutamyl cycle 

(Lu, 2000). Indeed, y-GT activity in astrocyte samples (measured 

spectrophotometrically; section 2.4.7) was found to be completely abolished 

within I minute when treated with the acivicin concentration used in the GCL 

assay.
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Figure 3.5. L-BSO inhibition curve of astrocyte GCL activity

Astrocyte sample (15 pg) was preincubated with 0-500 pM L-BSO and 10 mM 

ATP for 5 minutes. GCL activity was then assayed in the presence of L-BSO. 

Three independent cell culture preparations were assayed. Values are mean ± 

SEM.
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3.5. Discussion

This chapter has established that y-GC is electrochemicaliy active when extracted 

into orthophosphoric acid. This observation led to the development of a GCL 

assay based on the electrochemical detection of y-GC synthesised by GCL 

following separation by reverse-phase HPLC. The assay is rapid, convenient and 

appears to be specific since y-GC synthesis was abolished in the presence of L- 

BSO.

The assay estimated that GCL activity in astrocytes was 9.7 ± 1 .7  nmol y-GC 

synthesised/min/mg protein. The activity of GCL in chick astrocytes has 

previously been reported as 2.8 ± 0.5 y-GC synthesised/min/mg protein (Makar et 

aL, 1994). In the latter study, chick GCL activity was estimated by measuring the 

activity of the coupled enzyme y-glutamylcyclotransferase (y-GCT; reaction 3.3; 

Seelig & Meister, 1985).

GCL y-GC^
aminobutyrate + L-Glu ► y -p C  5-oxoproline ± aminobutyrate (3.3)

OS

t
GSH

Makar et al measured the production of [^"^C]-labelled 5-oxo-proline by astrocyte 

homogenate in the presence of labelled glutamate, aminobutyrate (instead of 

cysteine), and an excess of y-GCT. However, GSH was not removed from the 

cellular homogenates. Since GSH inhibits GCL by negative feedback (Huang et 

aL, 1993a), this may explain why GCL activity is lower than reported here. 

Alternatively, the variation in GCL activity may reflect differences between 

species, brain regions, or culture techniques. Indeed a wide range of GSH levels in 

astrocytes and neurones have been reported (Makar et a l, 1994; Bolanos et al, 

1995; Iwata-Ichikawa et aL, 1999; Dringen et aL, 1999b). Variation in cellular 

GSH concentration has also been observed between batches of primary astrocytes 

(Bolanos et aL, 1994, 1995). In view of the potential variability between cultures
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every culture preparation used in this study was validated against protein, time 

and L-BSO sensitivity when assaying GCL activity.

The L-BSO inhibition curve estimated the Ki of GCL to be approximately 100 

p,M. This compares favourably with previous inhibition studies of mammalian 

GCL. A 44-68% depletion of intracellular GSH has been observed in cultured 

astrocytes incubated with 100 pM L-BSO for 24 hours (Vasquez et aL, 2001). 

Cloned Human GCL also shows a 50% loss of activity when preincubated with 50 

pM L-BSO for 5 minutes (Kelley et al., 2002). GCL activity in this case was 

measured by the widely used spectrophotometric method described by Seelig & 

Meister (1984).

3.6. Conclusions

The method described here will be used to determine GCL activity in astrocytes 

and neurones following oxidative stress (see chapters 4 & 5). Increased 

transcription of GCL has been reported following a variety of stimuli (e.g. 

oxidative stress, GSH depleting agents, transition metals (Cai et aL, 1997; 

Moellering et aL, 1998; Iwata-Ichikawa et aL, 1999; Lu, 2000). This assay will 

complement such expression studies by determining whether changes in 

transcription results in altered enzyme activity in the cytosol. Furthermore, loss of 

GSH has also been reported in ageing and several neurological diseases such as 

Parkinson’s disease (Sian et aL, 1994a; Schulz et aL, 2000). This method will be 

useful in ascertaining whether alterations in GCL activity are associated with such 

disorders.
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Chapter 4

The effect of (S^-3-hydroxy-4-pentenoic acid 

on glutathione metabolism in astrocytes and

neurones
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4.1. Introduction

In mammalian cells intracellular GSH concentration has been reported in the 

millimolar range (1-12 mM) and is mainly compartmentalised into a cytosolic and 

mitochondrial GSH pool (approximately 90% and 5-10% respectively; Meredith 

& Reid; Meister & Anderson, 1983; Wullner 1999). Small GSH pools have 

also been reported in the endoplasmic reticulum and nucleus (Hwang 1992; 

Voehringer^^^/., 1998).

GSH is synthesised in the cytosol and is transported in to the mitochondria by an 

unknown mechanism. In rat kidney, the mitochondrial dicarboxylate and 2- 

oxoglutarate carriers have been implicated in the uptake of GSH (Chen & Lash, 

1998; Chen ^/., 2000). Studies in which cellular GSH has been depleted by 

chemical agents have implied that the mitochondrial GSH pool is preferentially 

maintained over that of the cytosol. Cytoplasmic GSH in cerebellar granule 

neurones and hepatocytes was depleted by approximately 75% (using the GSH 

synthesis inhibitor L-buthionine-(S,R,)-sulfoximine (L-BSO) and GSH conjugator 

diethylmaleate respectively) before a loss of mitochondrial GSH was observed 

(Garcia-Ruiz et al., 1995; Wullner ^/., 1999). Jain (1991) have reported 

that cytosolic and mitochondrial GSH was depleted by 85% in the cerebral cortex 

of newborn rats treated with L-BSO for 9 days. However, if monoethyl ester GSH 

was also administered to L-BSO treated rats, mitochondrial GSH concentration 

returned to control levels, while cytosolic GSH concentration was depleted by 

approximately 65% (Jain et ah^ 1991).

Cellular GSH concentration has been implicated in protecting the enzymes of the 

electron transport chain (ETC) from oxidative stress (Bolanos et ah> 1995, 1996; 

Barker et ah  ̂ 1996). Loss of complex 11+111 and IV activity was greater in 

neurones treated with peroxynitrite compared to astrocytes (Bolanos et ah’ 1995). 

The lower GSH levels in neurones were postulated to be a reason why neurones 

were more susceptible to peroxynitrite. In support of this, NO-mediated inhibition 

of complex 11+111 and IV activity was suggested to be diminished in neurones 

cocultured with astrocytes, which contain twice the GSH concentration, compared 

to neurones cultured alone (Bolanos et ah’ 1996). Furthermore, inhibition of
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complex I of the ETC in astrocytes by peroxynitrite only occurs when cellular 

GSH had been depleted 95% by L-BSO prior to treatment (Barker et aL, 1996). 

The preferential maintenance of the mitochondrial GSH pool during GSH 

depletion has led to the hypothesis that the mitochondrial GSH pool is important 

in protecting brain mitochondrial function, such as the ETC, from oxidative stress. 

Indeed, in L-BSO treated rats, loss of complex I and IV activity was observed in 

brain mitochondria depleted of GSH (Heales et aL, 1995), with loss of complex 

IV activity proportional to mitochondrial GSH concentration (Heales et aL, 

1996b). Furthermore, loss of mitochondrial dehydrogenase activity and membrane 

potential has been observed to be greater in neurones in which both cytosolic and 

mitochondrial GSH was depleted, compared to cells where just cytosolic GSH 

was depleted (Wullner et aL, 1999). Electron micrographs have also shown 

mitochondria depleted of GSH to be structurally damaged and swollen (Jain et aL, 

1991).

Since drugs such as L-BSO and diethylmaleate deplete both cytosolic and 

mitochondrial GSH, it has proven difficult to dissect out the importance of the 

mitochondrial GSH pool, compared to the cytosolic pool, in protecting the 

enzymes of ETC from insults such as peroxynitrite.

(5)-3-hydroxy-4-pentenoic acid (OHPA) has recently been reported to specifically 

deplete the mitochondrial GSH pool in liver (Shan et aL, 1993; Hashmi et aL, 

1996). OHPA can deplete liver mitochondrial GSH by exploiting the 

mitochondrial localisation of the enzyme 3 -hydroxybutyrate dehydrogenase 

(HBDH; EC 1.1.1.30; Shan et aL, 1993; Hashmi et aL, 1996). HBDH is an 

amphipathic enzyme located on the inner membrane of the mitochondria that 

normally catalyses the metabolism of ketone bodies (reaction 4.1; Zhang et aL, 

1989; Marks et aL, 1992).

(i?)-3-hydroxybutyrate + NAD <  HBDH^ acetoacetate + NADH + H^ (4.1)

OHPA can be taken up by mitochondria and is metabolised to 3-oxo-4-pentenoate 

by HBDH (Shan et aL, 1993). 3-oxo-4-pentenoate can then react

nonenzymatically with GSH, thereby depleting the mitochondrial GSH pool
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(Figure 4.1.; Shan et al., 1993). Approximately 60% of mitochondrial GSH was 

depleted in hepatocytes treated with 0.5 mM OHPA for 30 minutes, with only a 

20% depletion of cytosolic GSH observed Hashmi et aL, 1996). OHPA was 

reported not to have any effect on mitochondrial or cytosolic protein thiol 

concentrations (Shan et aL, 1993).

Consequently, in this chapter the effect of OHPA on mitochondrial GSH levels 

has been characterised in cultured astrocytes and neurones, with the aim of 

investigating whether the mitochondrial GSH pool plays a critical role in 

protecting the ETC.

4.2. Methods

4.2.1. Cell culture

Primary astrocytes and neurones were cultured as described in section 2.2 and 

treated with 0.5 mM OHPA (synthesised by Dr David Selwood, The Wolfson 

Institute for Biomedical Research, UCL, UK) in astrocyte or neurone medium 

(section 2.2.1) on day 14 and day 6 in culture respectively for the period indicated.

4.2.2. Isolation of mitochondria

Mitochondria were isolated from -15x10^ astrocytes and -20x10^ neurones 

following treatment with 0.5 mM OHPA as described in section 2.3.1. Liver 

mitochondria were isolated from adult Wistar rats as described in section 2.3.2.

4.2.3. GSH quantitation

GSH content in isolated liver mitochondria, and cultured astrocyte and neurone 

homogenates, cytosols and mitochondria were analysed by reverse-phase HPLC 

as described in section 2.6.
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Figure 4.1. The proposed mechanism by which OHPA specifically depletes 

the mitochondrial GSH pool
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4.2.4. Determination of GSSG content in liver mitochondria

GSSG levels in liver mitochondria were determined using the method of 

Hargreaves et al (2002). Firstly, GSH concentration in the sample (A) was 

determined as described in section 2.6. An aliquot of the same sample (B) was 

then treated with DTT to convert GSSG -> 2 GSH. Total GSH concentration was 

determined in B, and GSSG concentration calculated by: (B-A)/2.

Briefly, liver mitochondria (5 mg/ml; 100 pi) were mixed with 100 pi 25 mM 

dithiothreitol (DTT) and 50 pi 100 mM Tris, and incubated on ice for 10 minutes. 

The reaction was stopped by the addition of 350 pi 15 mM orthophosphoric acid 

and the sample centrifuged at 14000 x g for 5 minutes. The supernatant was 

placed in chromacol HPLC vials and GSH concentration determined. As a 

positive control, 125 pM GSSG standard (20 pi) was mixed with 25 mM DTT (20 

pi) and 100 mM Tris (10 pi), and incubated on ice for 10 minutes. 950pl of 15 

mM orthophosphoric acid was then added and GSH concentration determined. 

Allowing for dilutions, if GSSG were fully converted to GSH, a peak 

approximating to 5 pM GSH was detected following separation by HPLC and 

detection by electrochemical detection.

4.2.5. Determination of glutamate-cysteine ligase activity

Glutamate-cysteine ligase activity was measured in OHPA treated astrocyte and 

neurone homogenates as described in section 3.2.

4.2.6. Spectrophotometric enzyme assays

Complexes I, II+III and IV of the ETC, and citrate synthase (CS) were assayed in 

cultured astrocyte and neurone homogenates, and isolated liver and astrocyte 

mitochondria as described in section 2.4.

I l l



Lactate dehydrogenase release from cultured astrocytes and neurones was 

measured as described in section 2.4.6.

HBDH activity in isolated liver, astrocyte and neurone mitochondria was 

determined by the method described in section 2.4.5. Purified microbial HBDH 

from the p-hydroxybutyrate diagnostic kit (Sigma Diagnostics) was used to 

determine the Km and Vmax of HBDH for OHPA. HBDH assay buffer (4.6 mM 

NAD^, buffer, pH 7.6; 3 ml) was mixed with 2.5 units of microbial HBDH and the 

reaction started by addition of OHPA (0.3-1.5 mM). The formation of NADH was 

followed at an absorbance of 340 nm at 37°C using an Uvikon 941 

spectrophotometer.

4.2.7. Protein determination

Sample protein concentration was determined using the Lowry method as 

described in section 2.5.

4.3. Experimental protocols 

Validation of synthesised OHPA:

To ascertain whether the OHPA synthesised had similar properties to those 

previously reported (Shan et aL, 1993; Hashmi et aL, 1996), liver mitochondria (5 

mg/ml) were incubated with OHPA (0-1 mM) for 15 minutes at 37 °C and 

mitochondrial GSH concentration determined. The Km and Vmax of HBDH for 

OHPA was also determined by measuring the initial rate of microbial HBDH 

when incubated with 0.15 to 1.5 mM OHPA at 37 °C.

Effect of OHPA on mitochondrial and cytosolic GSH metabolism in 

astrocytes and neurones:

Neurones (20x10^) and astrocytes (15x10^) were treated with media containing 

0.5 mM OHPA for 4 or 18 hours respectively. Mitochondria were isolated from 

the cells and the GSH concentrations in the mitochondria and cytosol were 

determined. The activity of GCL, the rate-limiting enzyme in GSH synthesis
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(Anderson & Meister, 1983; Huang et aL, 1993a), was also measured in astrocytes 

and neurones treated with OHPA for 18 hours.

Effect of OHPA on ETC:

Astrocytes were treated with astrocyte media containing 0.5 mM OHPA for 30 

minutes and 4, 8, and 18 hours. The activities of the ETC complexes were then 

assayed in astrocytes homogenates or isolated astrocyte mitochondria. Neurones 

were treated with 0.5 mM OHPA for 4 or 18 hours and ETC activity determined 

in neuronal homogenates. ETC complex activities were also measured in isolated 

liver mitochondria following treatment with 0-1 mM OHPA for 15 minutes at 37 

°C.

4.4. Results

4.4.1. Effect of OHPA on liver mitochondria

Mitochondria isolated from liver were incubated with OHPA to verify that the 

drug yielded similar results to that of Hashmi et al (1996). Mitochondria (5mg/ml) 

incubated with 0.125 and 0.25 mM OHPA for 15 minutes at 37°C showed a 44% 

and 69% depletion of mitochondrial GSH respectively (Figure 4.2), and were 

comparable to the findings of Hashmi et al (1996). At concentrations greater than 

0.25 mM OHPA, GSH depletion attained a plateau.

The GSSG content in OHPA treated mitochondria was similar to that in control 

mitochondria (control, 0.5 ± 0 .1 ; 0.5 mM OHPA, 0.3 ± 0.2 nmol GSSG/mg 

protein (n=3)) suggesting that GSH depletion was due to conjugation with 3-oxo- 

4-pentenoate rather than oxidation of GSH to GSSG (the conversion of GSSG 

standard to GSH during the course of these experiments was always > 95%).

The Km and Vmax of microbial HBDH for OHPA was estimated to be 0.5 mM 

and 23.2 pmol/min/ml respectively (Figure 4.3). The Km of HBDH for {R,S)~ 

OHPA has previously been reported to be 1.5 mM in Pseudomonas lemoignei 

(Shan et aL, 1993).
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Figure 4.2. The effect of OHPA on liver mitochondria GSH

Liver mitochondria (5 mg/ml) were incubated with 0-1 mM OHPA for 15 minutes 

at 37°C and mitochondrial GSH content measured. OHPA depleted liver 

mitochondria GSH. Data are mean ± SEM of 3 or 4 independent mitochondrial 

isolations. Statistical significance was determined by one-way ANOVA followed 

by least significant difference test. * p < 0.05 and ** p < 0.01.
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Figure 4.3. Eadie-Hofstee plot of HBDH for OHPA

Microbial HBDH (2.5 units) was incubated with 150 -  1500 pM OHPA (S) and 

the initial rate (V; pmol 3-oxo-4-pentenoate/min/ml) measured. The gradient of 

the graph and the intercept on the y-axis was used to calculate the Km and Vmax 

of HBDH respectively. All points were measured in duplicate.
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The activities of complexes I to IV of the ETC were also measured in liver 

mitochondria treated with 0-1 mM OHPA (Table 4.1). No effect on complex I 

activity was observed in OHPA treated mitochondria. However, a significant dose 

dependent loss of complex II + III activity was observed in OHPA treated 

mitochondria. Inhibition of complex IV activity was also observed at 1 mM 

OHPA. OHPA treatment (0-1 mM) had no effect on the activity of the 

mitochondrial marker enzyme CS.

4.4.2. HBDH activity in cultured astrocytes and neurones

The specific activity of HBDH was assayed in mitochondria isolated from liver, 

astrocytes, and neurones to see if astrocytes and neurones express the enzyme 

(Table 4.2). The specific activity of HBDH in astrocytic and neuronal 

mitochondria was determined to be approximately 40-fold lower than in liver 

mitochondria.

4.4.3. The effect of OHPA on cultured astrocytes

4.4.3.1. The effect of OHPA on mitochondrial and cytosolic GSH 

concentration

Astrocytes were treated with 0.5 mM OHPA for 30 minutes, and the GSH levels 

in astrocyte homogenates, mitochondria and cytosol measured (Figure 4.4). No 

change in homogenate, mitochondrial or cytosolic GSH levels was observed. 

Previously in hepatocytes, mitochondrial GSH was depleted by 60% following 

exposure to OHPA for just 15 minutes (Hashmi et aL, 1996). However, since 

HBDH activity in astrocytes is 40-fold lower compared to liver, this may explain 

the lack of GSH depletion following 30 minutes of OHPA exposure.

Consequently, astrocytes were incubated with OHPA for 18 hours to see if this 

resulted in mitochondrial GSH depletion. No effect on mitochondrial GSH 

concentration was observed following incubation with 0.5 mM OHPA for 18
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[OHPA] mM Complex I

nmol/min/mg

protein

Complex II+III

nmol/min/mg

protein

Complex IV

k/min/mg protein

0 52.9+11.0 134.5+15.6 14.6 + 0.7

0.125 48.0 + 8.9 113.0+12.2 15.1 + 1.7

0.25 47.4+10.0 95.7+12.2* 13.1 + 1.7

0.50 52.9+12.5 74.6 + 9.2** 11.2 + 0.6

0.75 47.7 + 8.0 66.7+11.9 ** 10.3+1.0

1.0 55.4+11.5 56.6 + 7.7** 8.6+ 1.6*

Table 4.1. The effect of OHPA on the ETC

Liver mitochondria (5mg/ml) were incubated with 0-1 mM OHPA for 15 minutes 

at 37°C. Significant inhibition of complex II+III and complex IV was observed. 

Values are mean ± SEM (n=3-4 independent mitochondrial isolations). Statistical 

significance was determined by one-way ANOVA followed by least significant 

difference test. * p < 0.05 and ** p < 0.01.
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HBDH Activity 
(nmol/min/mg protein)

Liver 225.8 ± 13.7

Astrocyte 5.2 ±2 .4

Neurone 6.8 ± 1.5

Table 4.2. HBDH specific activity in liver, astrocyte and neurone 

mitochondria

Mitochondria were isolated from liver, astrocytes and neurones, and HBDH 

activity measured. Values are mean ± SEM (n=3-4 independent mitochondrial 

preparations).
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Figure 4.4. Cellular GSH levels in astrocytes treated with OHPA for 30 

minutes

Astrocytes were treated with 0.5 mM OHPA for 30 minutes. Following treatment, 

mitochondria were isolated, and GSH concentration determined in the 

homogenate, mitochondria, and cytosol. OHPA had no affect on GSH levels 

Values are mean ± SEM (n=3 independent cell cultures). Statistical significance 

was determined by the Student’s t-test.
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hours. However, homogenate and cyto:solic GSH levels were significantly 

increased by 41% and 88% respectively (Figure 4.5). Astrocytes treated with 0.5 

mM pentenoic acid (PA) for 18 hours did not increase the GSH concentration in 

the cytosol (Figure 4.5), suggesting that the increase in GSH concentration was 

specific to OHPA, rather than a general property of carboxylic acids. Astrocytes 

were incubated with 0.5 mM OHPA for shorter periods to see if any change in 

GSH levels were seen at earlier time points. No change in GSH levels was 

observed in astrocyte homogenates incubated with 0.5 mM OHPA for either 4 or 8 

hours (control 4hr, 20.2 ± 1.5; OHPA 4hr, 20.2 ± 2.5; control 8 hr, 25.1 ±1.0; 

OHPA 8 hr, 28.0 ± 1.6 nmol GSH / mg protein (n=5 independent cell 

preparations)).

4.4.3.2. The effect of OHPA on ETC complex activities in astrocytes

The activities of complexes I to IV of the ETC were measured in mitochondria 

isolated from astrocytes treated with 0.5 mM OHPA for 30 minutes and 18 hours 

(Figure 4.6). Complex activity was expressed against citrate synthase activity to 

account for differences in mitochondrial enrichment between isolations. Astrocyte 

ETC complex activity was unaffected following OHPA treatment for 30 minutes 

(Figure 4.6A). However, treatment for 18 hours resulted in a 21% loss of complex 

II+III activity (Figure 4.6B). Note that the loss of complex II+III activity was 

comparable if expressed against protein, rather than CS activity (control, 51.4 ± 

4.7; OHPA, 36.7 ±3.9 nmol/min/mg protein (n=5 independent cell preparations) p 

< 0.05). The loss of complex II+III activity was not due to OHPA or 3-oxo-4- 

pentenoic acid interfering with the enzyme assay. Incubation of astrocyte 

mitochondria in the presence of 0.5 mM OHPA or 3-oxo-4-pentenoic acid 

(generated by incubation of OHPA with microbial HBDH until substrates 

exhausted) during the complex II+III assay had no effect on activity (control, 0.37 

± 0.03; OHPA, 0.37 ± 0.02 (n=3); control, 0.34 ± 0.03, 3-oxo-4-pentenoic acid, 

0.31 ± 0.03 (n=3)). Furthermore, complex II+III was unaffected in astrocytes 

treated with 0.5 mM OHPA for either 4 or 8 hours (measured in homogenates; 

control 4hr, 7.9 ± 0.7; OHPA 4hr, 7.3 ± 0.7; control 8 hr, 6.9 ± 0.7; OHPA 8 hr, 

7.1 ± 0.5 nmol nmol/min/ mg protein (n=5 independent cell preparations)).
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Figure 4.5. Cellular GSH levels in astrocytes treated with O H PA for 18 hours

Astrocytes were treated with 0.5 mM OHPA or 0.5 mM pentenoic acid (PA) for 

18 hours. Following treatment, mitochondria were isolated, and GSH levels 

determined in the homogenate, mitochondria, and cytosol. Homogenate and 

cytosolic GSH levels were significantly increased in astrocytes treated with 

OHPA for 18 hours. Values are mean ± SEM (n=3-9 independent cell cultures). 

Statistical significance was determined by one-way ANOVA followed by least 

significant difference test. * p < 0.05, ** p < 0.01.
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Figure 4.6. The effect o f O HPA on the ETC

Astrocytes were treated with 0.5 mM OHPA for 30 minutes (A) or 18 hours (B), 

mitochondria isolated from the astrocytes, and complexes I to IV of the ETC 

assayed. Complex specific activities were expressed against CS activity and 

therefore have no units except complex IV activity (expressed as k/nmol). A 

significant loss of complex II+III activity was observed following OHPA 

treatment for IS hours. Values are mean ± SEM (n=3-9 independent 

mitochondrial isolations). Statistical significance was determined by one-way 

ANOVA followed by least significant difference test. ** p < O.OI.
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PA has previously been shown to inhibit mitochondrial fatty acid metabolism 

(Fukami & Williamson, 1971; Schulz, 1987). Therefore, astrocytes were 

incubated with 0.5 mM PA for 18 hours to see whether carboxylic acids could 

inhibit complex II+III activity. PA had no effect on the activity of complex II+III 

(Figure 4.6B).The activities of complexes I and IV of the ETC (Figure 4.6B), and 

CS (measured in astrocyte homogenates; control, 120.8 ± 12.0; OHPA, 116.7 ± 

17.5 nmol/min/mg protein (n=5-6 independent mitochondrial isolations)) were 

unaffected by treatment with 0.5 mM OHPA for 18 hours. Treatment with 0.5 mM 

OHPA for 18 hours appeared to have no effect on astrocyte viability (control, 3.4 

± 0.9; OHPA, 3.6 ± 0.6 % LDH release (n=3)).

4.4.4. The effect of OHPA on cultured neurones

4.4 4.1. Neuronal viability following exposure to OHPA for 18 hours

Since the specific activity of neuronal HBDH is similar to that of astrocytes 

(Table 4.2), neurones were also incubated with 0.5 mM OHPA for 18 hours. 

Following OHPA treatment, an increased amount of cell debris was observed 

when neurones were viewed under a microscope (Figure 4.7). Furthermore, the 

amount of LDH released from OHPA treated neurones was significantly increased 

(control, 14.4 ± 4.6; OHPA, 32.7 ± 10.4 %LDH release (n = 4 independent cell 

preparations) p < 0.05). These two observations suggest that treatment of neurones 

with 0.5 mM OHPA for 18 hours results in cell death.

4.4.4.2. Neuronal GSH levels following 18 hours of OHPA exposure

GSH levels were measured in neurones surviving treatment with 0.5 mM OHPA 

for 18 hours. GSH levels in neuronal homogenates were significantly depleted by 

42% in neurones following OHPA treatment for 18 hours (Figure 4.8). Due to the 

significant damage observed in neuronal mitochondria following OHPA treatment 

for 18 hours (see below), mitochondria were not isolated from neurones in order 

to determine mitochondrial GSH concentration.
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Figure 4.7. Morphology of neurones following OHPA exposure

Neurones (2.5x10^ cells) were incubated in the absence (A) or presence (B) of 0.5 

mM OHPA for 18 hours. Increased cell debris is observed in the wells containing 

neurones treated with OHPA. Neurones were viewed under lOX magnification.
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Figure 4.8. Cellular GSH levels in neurones treated with OHPA for 18 hours

Neurones were treated with 0.5 mM OHPA for 18 hours and cellular GSH levels 

determined in neuronal homogenates. GSH was significantly depleted in neurones 

treated with OHPA. Values are mean ± SEM (n=6 independent cell preparations). 

Statistical significance was determined by Student’s t-test. * p < 0.05.
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4.4 4.3. Neuronal ETC activity following 18 hours of OHPA exposure

The activities of the complexes of the ETC and CS were measured in neuronal 

homogenates following treatment with 0.5 mM OHPA for 18 hours. CS activity 

was decreased by 37% in neurones treated with OHPA for 18 hours. Furthermore, 

a 36%, 68%, and 33% loss of complex I, II+III, and IV activity respectively was 

also observed in neurones treated with OHPA for 18 hours when expressed 

against protein (Table 4.3). When complex activity was expressed against CS 

activity rather than protein, the activities of complexes I and IV were unaffected 

by OHPA treatment, while, complex II+III activity was decreased by 38% 

(control, 0.29 ± 0.02; OHPA, 0.18 ± 0.03 (n=4-5 independent cell preparations) p 

< 0.05).

4 4.4.4 Mitochondrial and cytosolic GSH concentration in neurones following 

4 hours of OHPA treatment

Neurones were treated with 0.5 mM OHPA for 1 ,2 ,3 , and 4 hours. Depletion of 

GSH first occurred following treatment with 0.5 mM OHPA for 4 hours, with a 

significant 28% depletion observed in neuronal homogenates (Table 4.4).

When mitochondria were isolated from neurones treated with OHPA for 4 hours, 

a significant 52% depletion in mitochondrial GSH was observed (Table 4.4). The 

mean cytosolic GSH levels were also decreased by 31% in OHPA treated 

neurones, although not significantly.

4.4 4.5 Mitochondrial enzyme activity in neurones treated with OHPA for 4 

hours

When the activities of the ETC complexes and CS were measured in neurones 

treated with 0.5 mM OHPA for 4 hours, a 41% loss of complex II+III activity, and 

a 25% loss of CS activity, was observed when expressed against protein (Table 

4.5). No loss in complex I or IV activity was observed at this time point. When 

ETC complex activity was expressed against CS activity, complex II+III activity 

was inhibited by 23% (control, 0.27 ± 0.01, OHPA, 0.21+0.03 (n=5 - 8 cell
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Enzyme Control OHPA

I

(nmol/min/mg protein)
17.4 + 0.7 11.2+1.9*

II+III

(nmol/min/mg protein )
17.8+1.0 5.7+ 1.2**

IV

(k/min/mg protein)
2.4+ 0.3 1.6+ 0.2*

CS

(nmol/min/mg protein)
213.5+14.0 135.2+18.4*

Table 4.3. Mitochondrial enzyme activity in OHPA treated neurones

Neurones (2.5x10^ cells/well) were treated with 0.5 mM OHPA for 18 hours and 

enzyme activity determined in neuronal homogenates. A significant loss of 

activity in complexes I, II+III, IV and CS was observed in OHPA treated 

neurones. Values are mean ± SEM (n=4-8 independent cell preparations). 

Statistical significance was determined by Student’s t-test. * p < 0.05; ** p < 0.01.
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Cellular Fraction
GSH Concentration (nmol GSH/mg protein)

Control OHPA

Homogenate 14.5 ± 1.1 10.5 ± 1.2*

Mitochondria 3.3 ±0.6 1.6 ±0.4*

Cytosol 5.9 ± 1.0 4.1 ± 1.1

Table 4.4. Neuronal GSH levels following 4 hours of exposure to OHPA

Mitochondria were isolated from neurones (20x10^ cells) treated with 0.5 mM 

OHPA for 4 hours. GSH was significantly depleted in the mitochondria. Values 

are mean ± SEM (n=6-7 independent cell preparations). Statistical significance 

was determined by Student’s t-test. * p < 0.05.
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Enzyme Control OHPA

I

(nmol/min/mg protein)
15.6 + 0.8 13.5 + 0.7

II+III

(nmol/min/mg protein )
11.8 + 0.7 7.0+ 1.4*

IV

(k/min/mg protein)
1.8+ 0.2 2.1 + 0.3

CS

(nmol/min/mg protein)
167.4+12.8 125.4 + 7.9*

Table 4.5. Mitochondrial enzyme activity in neurones treated with OHPA for 

four hours

Neurones (2.5x10^ cells/well) were treated with 0.5 mM OHPA for 4 hours and 

enzyme activity determined in neuronal homogenates. A significant loss in 

complex II+III and CS activity was observed. Values are mean ± SEM (n=7-10 

independent cell preparations). Statistical significance was determined by 

Student’s t-test. * p < 0.05.
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preparations) p < 0.05). There was also no increase in LDH release from neurones 

treated with OHPA for 4 hours (control, 13.3 ± 4.4; OHPA, 18.7 ± 6.7 % LDH 

released (n=5 independent cell preparations)). No loss of complex II+III or CS 

activity was observed following 1,2 or 3 hours of OHPA treatment.Note that the 

activities of the ETC complexes and CS appear to be greater in control neurones 

assayed at 18 hours (Table 4.3), compared to control neurones assayed at 4 hours 

(Table 4.5). In particular, both complex II+III and CS activities were significantly 

greater in control neurones at 18 hours, compared to 4 hours (p< 0.05). It is 

therefore important to always assay enzyme activity against time-matched 

controls.

4.4.5. The effect of OHPA on GCL activity in astrocytes and neurones

Since cytosolic GSH levels were approximately doubled in astrocytes treated with 

0.5 mM OHPA for 18 hours (Figure 4.5), while neuronal GSH levels were 

depleted by 42% following the same treatment (Figure 4.8), the activity of GCL, 

the rate limiting enzyme in GSH synthesis (Anderson & Meister, 1983; Huang et 

al., 1993a), was determined in these cells. Following exposure to 0.5 mM OHPA 

for 18 hours, GCL activity in astrocytes was increased by 30%, while GCL 

activity was unaffected in neurones (Table 4.6).

4.5. Discussion

The depletion of mitochondrial GSH in isolated liver mitochondria by OHPA in 

this study was comparable to that reported by Hashmi et al (1996), indicating that 

the OHPA synthesised had properties similar to those previously reported (Shan et 

al., 1993; Hashmi et ah, 1996).
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GCL activity 

(nmol y-GC synthesised/min/mg protein)

control OHPA

astrocytes 14.5 ± 0.8 18.9 ± 1.3*

neurones 2.3 ± 0.6 2.5 ± 0.9

Table 4.6. The effect of OHPA on GCL activity in astrocytes and neurones

Astrocytes and neurones were incubated with 0.5 mM OHPA for 18 hours, and 

GCL activity measured. GCL activity was significantly increased in astrocytes 

following OHPA treatment. Values are mean ± SEM (n=4-5 independent cell 

preparations). Statistical significance was determined using the Student’s t-test
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4.5.1. The differential effect of OHPA on GSH metabolism in astrocytes and 

neurones

The results in this chapter (summarised in Table 4.7) indicate that OHPA 

preferentially depletes mitochondrial GSH in neurones but not astrocytes. Indeed, 

rather than depleting GSH in the mitochondria, OHPA treatment approximately 

doubles cytosolic GSH in astrocytes. The preferential depletion of mitochondrial 

GSH in neurones occurs despite HBDH activity being similar in both astrocytes 

and neurones. The differing rate of GSH synthesis between astrocytes and 

neurones could explain this phenomenon. GCL activity in both control and OHPA 

treated neurones was estimated to be 2.5 nmol y-GC synthesised/min/mg protein. 

Theoretically, as HBDH activity was observed to be 6.8 ± 1.5 nmol/min/mg 

protein in neurones, the rate of OHPA-mediated GSH depletion should be greater 

than the rate of de novo neuronal GSH synthesis, thus resulting in a net loss of 

GSH. Conversely, GCL activity in OHPA-treated astrocytes was estimated to be 

8- fold higher than in neurones. Therefore, the rate of astrocytic GSH synthesis 

should be greater than the GSH depletion caused by OHPA treatment. GCL 

activity was estimated to be 6-fold higher in control astrocytes compared to 

control neurones. Previously, Makar et al (1994) reported that GCL activity was 

8-fold lower in chick forebrain neurones compared to astrocytes.

As GCL is the rate-limiting enzyme in GSH synthesis, the estimated 30% increase 

in astrocytic GCL activity upon OHPA treatment probably contributes towards the 

88% increase in cytosolic GSH concentration. Neurones were unable to increase 

GCL activity upon exposure to OHPA. Increased cellular GSH concentration has 

previously been observed in astrocytes and epithelial cells following exposure to 

reactive oxygen and nitrogen species (Iwata-Ichikawa et al, 1999; Moellering et 

al., 1999; Buckley & Whorton, 2000). The induction of GCL transcription has 

been postulated to cause the increase in GSH concentration, with increased GCL 

mRNA levels reported in astrocytes exposed to hydrogen peroxide (Iwata- 

Ichikawa et al, 1999). Exposure of epithelial cells to 2,3-dimethoxy-1,4- 

naphthoquinone, a compound that generates superoxide and hydrogen peroxide, 

also increased the transcription of the regulatory subunit of GCL (Tian et al..
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Astrocytes Neurones

Incubation time 

(hours)
0.5 4 18 4 18

GSH

Concentration

Homogenate NC NC t41% 4" 28% 4/ 42%

Mitochondria NC - NC 4- 52% -

Cytosol NC - t  88% NC -

GCL Activity - - t  30% - NC

LDH Release - - NC NC t  227%

Mitochondrial 

Enzyme activity

Complex I NC - NC NC 4/36%

Complex II+III NC NC ^  21% 4/41% 4/68%

Complex IV NC - NC NC 4/33%

CS NC NC NC 4/25% 4/37%

Table 4.7. Summary of the effects of 0.5 mM OHPA on astrocytes and 

neurones

Values are % increase or decrease compared to time matched control. NC 

indicates no change; dash indicates that parameter was not measured.
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1997), while nitric oxide was shown to increase transcription of both GCL genes 

in smooth muscle (Moellering et al., 1998).

The mechanism by which GCL activity is increased by OHPA treatment is 

unknown. The inhibition of complex II+III by OHPA could increase the 

production of superoxide and hydrogen peroxide (Boveris & Chance, 1973; 

Paradies et al., 1999; Han et al., 2001). Unfortunately it is unclear whether 

inhibition of complex II+III activity precedes an increase in cellular GSH 

concentration, since both complex II+III and GSH concentration were unaffected 

at the two earlier time points assayed. Astrocytes could be incubated with 

antimycin A, an inhibitor of complex III (Paradies et al., 1999), to see if GSH 

levels are increased. Alternatively, the increase in GCL activity may be due to a 

post-translational modification. Dephosphorylated purified rat kidney GCL has 

been reported to have greater enzyme activity than phosphorylated enzyme (Sun 

et al., 1996).

4.5.2. OHPA and mitochondrial function

4.5.2.1. Complex II+III

Loss of complex II+III activity was observed in liver, astrocytes and neurones 

following OHPA treatment. In isolated liver mitochondria, loss of complex II+III 

was dose dependent, and was observed within 15 minutes of being incubated with 

OHPA, suggesting that inhibition is a result of either OHPA or 3-oxo-4- 

pentenoate directly interacting with the enzyme. Loss of complex II+III activity 

was shown not to be due to either OHPA or 3 -oxo-4-pentenoate interfering with 

the assay. Despite HBDH activity being similar in astrocytes and neurones, loss of 

complex II+III activity was greater in neurones, compared to astrocytes. In 

astrocytes, a 21% loss in complex II+III activity was observed after 18 hours, 

while activity was unaffected after 4 or 8 hours of treatment. Complex II+III 

activity was inhibited by 41% in neurones treated with OHPA for 4 hours, with a 

68% loss of activity observed after 18 hours. Loss of complex II+III was still 

observed when expressed against CS activity suggesting that the loss of activity
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was not due to just a possible decrease in mitochondrial number (see below; 

section 4.5.2.2).

The greater susceptibility of neuronal complex II+III may in part be due to the 

depletion of mitochondrial GSH. However cellular GSH status cannot fully 

explain the differential effect of OHPA on complex II+III in astrocytes and 

neurones, as inhibition is still observed in astrocytes despite mitochondrial GSH 

being maintained, and cytosolic GSH concentration increased. It is not known 

whether the loss of activity is due to inhibition of either complex II and III, or 

both of them. Alternatively, co-enzyme Qiomay be affected by OHPA treatment, 

as the complex II+III assay requires endogenous Qio(King, 1967). The complexes 

need to be assayed separately to see if either is affected by OHPA. Cellular levels 

of Qio also need to be determined.

The inhibition of complex II+III by OHPA or 3 -oxo-4-pentenoate in liver, 

astrocytes, and neurones limits its use for investigating the function of 

mitochondrial GSH. OHPA would be unsuitable for investigating the role of 

mitochondrial GSH in protecting the ETC, as it will be difficult to distinguish 

whether any effects that are observed are due to depletion of mitochondrial GSH, 

or the direct interaction of the drug with the ETC. However, the drug may be 

useful in liver and neurones for investigating GSH transport in to mitochondria.

4.5.2.2. Citrate synthase

Loss of CS was observed in neurones treated with OHPA for both 4 and 18 hours, 

while no loss in activity was observed in either astrocytes or liver. The 25% loss 

of CS activity after 4 hours is probably due to inhibition of the enzyme rather than 

a decrease in neuronal mitochondrial number, as the activities of both complexes I 

and IV were unaffected by OHPA treatment. Incubation of neuronal homogenates 

with OHPA during the CS assay had no effect on activity, indicating that loss in 

activity was not due to OHPA interfering with the assay. This is endorsed by the 

observation that neither liver nor astrocyte CS activity was affected by OHPA 

exposure. A 37% loss of CS activity was observed following OHPA treatment for 

18 hours. It is difficult to ascertain whether this loss in activity is due to a decrease
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in mitochondrial number, or inhibition of the enzyme, since complexes I to IV 

were all inhibited at this time point. Neuronal homogenates were assayed for 

monoamine oxidase, an enzyme located on the outer mitochondrial membrane 

(Ragan et al., 1987), following OHPA treatment in order to determine whether a 

decrease in mitochondrial number occurs. However, enzyme activity could not be 

accurately determined due to the poor sensitivity of the assay. Monoamine oxidase 

activity in purified rat brain mitochondria has been reported to be 2.0 ± 0.2 

nmol/min/mg protein (Heales et al., 1995). Monoamine oxidase activity is likely 

to be considerably lower in neuronal homogenates, with detection of the oxidation 

of the substrate (benzylamine) below the sensitivity of the spectrophotometer. 

Unfortunately, other mitochondrial enzymes that could be measured, such as 

aconitase and a-ketoglutarate dehydrogenase, are also susceptible to oxidative 

stress (Gardner et al., 1994; Chinopoulos et al., 1999; Park et al., 1999). 

Measurement of the amount of mitochondrial DNA present in OHPA treated 

neurones may be a method to determine if mitochondria are indeed lost following 

OHPA treatment.

4.S.2.3. Complex I

A 36% loss of complex I activity was observed in neurones treated with OHPA 

for 18 hours. The 36% loss of complex I activity was concomitant with a 42% 

depletion in cellular GSH concentration. The depletion of GSH could result in 

complex I becoming more susceptible to the effects of OHPA treatment. 

However, if OHPA treatment does result in loss of mitochondrial number (see 

above; 4.5.2.2), no inhibition of complex I was observed when expressed against 

CS activity, suggesting that the loss of activity maybe due to loss of mitochondria. 

No loss of complex I activity was observed in liver mitochondria depleted of GSH 

by OHPA. This could support the hypothesis that loss of complex I activity in 

neurones is due to a reduction in the number of mitochondria. Alternatively, 

complex I may have been unaffected in liver mitochondria because of the short 

incubation period (15 minutes).
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4.S.2.4. Complex IV

Treatment of neurones with 0.5 mM OHPA for 18 hours resulted in a 37% loss of 

enzyme activity, while liver incubated with 1 mM OHPA for 15 minutes resulted 

in a 40% loss of activity. The depletion of mitochondrial GSH may leave complex 

IV more susceptible to inhibition by free radicals generated by mitochondria 

(Wullner et al., 1999; Paradies et al., 1999), or the direct action of OHPA or 3- 

oxo-4-pentenoate.

In the original paper that reported the depletion of isolated liver mitochondrial 

GSH by OHPA, Shan et al (1993) showed that 0.75 mM OHPA resulted in a 30% 

decrease in mitochondrial oxygen consumption. However they did not indicate 

whether this was significant or not. The inhibition of complexes II+III and IV 

shown here could be contributing towards the possible decrease in oxygen 

consumption.

4.6. Conclusion

Mitochondrial GSH is preferentially depleted by OHPA in neurones compared to 

astrocytes. This is possibly due to the observation that, unlike astrocytes, the rate 

of de novo neuronal GSH synthesis is less than the rate of OHPA-mediated GSH 

depletion. Cytosolic GSH levels were actually doubled in astrocytes upon 

exposure to OHPA. This elevation in cytosolic GSH was probably due to the 30% 

increase in GCL activity, the rate-limiting enzyme in GSH synthesis. Neurones, 

unlike astrocytes, were unable to increase GCL activity, upon exposure to OHPA. 

This observation may be one of the reasons why neurones, compared to 

astrocytes, are more susceptible to insults such as reactive nitrogen and oxygen 

species (Bolanos et al., 1995; Iwata-Ichikawa et al., 1999; Almeida et al., 2001).

In future, OHPA has to be used carefully when investigating the mitochondrial 

GSH pool. The OHPA-mediated inhibition of complex II+III in neurones, 

astrocytes, and liver, means that it cannot be used to investigate the protection of 

mitochondrial respiratory chain by mitochondrial GSH. In neurones, the activities 

of complexes I and IV of the ETC, and CS, were affected following OHPA
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treatment. Thus, it is difficult to ascertain whether these affects are due to the 

depletion of mitochondrial GSH, or the direct effect of OHPA, or one of its 

metabolites.
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Chapter 5

The differential effect of nitric oxide on GSH 

metabolism in astrocytes and nenrones
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5.1. Introduction

The thiol group of glutathione (GSH) can readily react with reactive nitrogen 

species (RNS). While nitric oxide (NO) reacts slowly with GSH (Gaston, 1999), 

the oxidation and reduction products of NO (e.g., NO^, NO', and ONOO" 

(peroxynitrite)) readily react with GSH via several pathways (Singh et aL, 1996; 

Quijano et aL, 1997; Hughes, 1999). The intracellular concentration of GSH has 

been implicated in dictating cellular susceptibility to RNS (Bolanos et al., 

1995,1996; Barker et ah, 1996). Inhibition of succinate cytochrome c reductase 

(complex II+III) and cytochrome c oxidase (complex IV) following RNS 

exposure was suggested to be less in neurones cocultured with astrocytes, which 

contain twice the amount of GSH, compared to neurones cultured alone (Bolanos 

et aL, 1996). Furthermore, loss of complex I activity in astrocytes exposed to 

ONOO' only occurred when cellular GSH had previously been depleted by 95% 

(Barker gf" a/., 1996).

In Parkinson’s disease (PD), a 40% loss of complex I activity, a 40% depletion in 

GSH, and evidence of increased NO production, has been reported in the 

substantia nigra of PD brains at post-mortem (Riederer et aL, 1989; Schapira et 

aL, 1990; Sian et aL, 1994a; Hunot et aL, 1996). The mechanism by which GSH is 

depleted in PD is unknown. The activity of y-glutamyltranspeptidase (y-GT), an 

ectoenzyme that cleaves GSH (Meister & Anderson, 1983; Ikeda et aL, 1995), is 

reported to be increased in PD brains (Sian et aL, 1994b). However, other 

enzymes involved in GSH metabolism, such as glutamate-cysteine ligase (GCL), 

the rate limiting enzyme in GSH synthesis (Meister & Anderson, 1983; Huang et 

aL, 1993a), GSH peroxidase, and GSH transferase have been reported to be 

unaffected in PD brains (Sian et aL, 1994b). A similar loss of GSH has been 

reported at post-mortem in incidental Lewy body disease brains (thought to be 

presymptomatic Parkinson’s disease; Dexter et aL, 1994). The depletion of GSH 

precedes the loss of complex I activity, and the accumulation of iron (Dexter et 

aL, 1994), suggesting that GSH loss is an early event in PD. Increased NADPH 

diaphorase activity, a putative marker for NO synthase, is observed in glial cells in 

post-mortem PD brains (Hunot et aL, 1996). Furthermore, the 1-methyl-4-phenyl- 

1,2,3,6-tetrahydropyridine (MPTP) model of PD in mice is associated with a
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significant upreguiation of inducible NO synthase in the substantia nigra 

(Liberatore et al, 1999). In addition, mice lacking inducible NO synthase were 

more resistant to MPTP associated dopaminergic neurodegeneration (Liberatore et 

a/., 1999).

The loss of complex I activity and GSH depletion in PD cannot only be occurring 

in dopaminergic neurones, since they have been estimated to account for only 2% 

of the total cells present in the substantia nigra (Jenner & Olanow, 1998). 

Therefore, since activated glia are reported in PD, this chapter has investigated the 

effect of NO on GSH metabolism in both astrocytes and neurones. The 

consequences of this on ETC function and cell viability have also been 

investigated.

The nitric oxide donor (Z)-l-[2-(2-aminoethyl)-N-(2-ammonioethyl)amino] 

diazen-1 -ium-1,2-diolate (DETA-NO) was used to investigate the effects of nitric 

oxide on GSH metabolism. DETA-NO, when resuspended in aqueous solution, 

releases NO at a constant rate (reaction 5.1) with a half-life of at least 24 hours 

(Keefer et a/., 1996).

2NO L (5.1)
+

5.2. Methods

5.2.1. Cell culture

Primary astrocytes and neurones were cultured as described in section 2.2 and 

treated with 0.5 mM DETA-NO (in astrocyte or neurone medium (section 2.2.1)) 

on day 14 and day 6 in culture respectively for the period indicated.
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5.2.2. GSH Quantitation

Cellular GSH levels in cultured astrocyte and neurone homogenates were analysed 

by reverse-phase HPLC as described in section 2.6.

5.2.3. Measurement of GSH release from astrocytes

GSH efflux from astrocytes was measured as previously described (Dringen et aL, 

1997; Stone et aL, 1999). Astrocytes (1x10^ cells/well) were treated with 0.5 mM 

DETA-NO for 24 hours, the media removed, and the cells washed twice in Hank’s 

balanced salt solution (HBSS). Cells were than incubated in 1 ml of minimal 

medium (44 mM NaHCOg, 110 mM NaCl, 1.8 mM CaCE, 5.4 mM MgS0 4 , 0.92 

mM NaH2P0 4 , 5 mM glucose, adjusted with CO2 to pH 7.4 as described by 

Dringen et al (1997)) for the period indicated. One volume of minimal medium 

was then mixed with one volume of 15 mM orthophosphoric acid, and the GSH 

concentration in the minimal medium determined by reverse-phase HPLC as 

described in section 2.6.

5.2.4. Determination of GCL activity

GCL activity was measured in NO-treated astrocyte and neurone homogenates as 

described in section 3.2.

5.2.5. Spectrophotometric enzyme assays

Complexes I, II+III and IV of the ETC, and citrate synthase (CS) were assayed in 

cultured astrocyte and neurone homogenates as described in sections 2.4.1. -

2.4.4.

y-GT was assayed in astrocytes (scraped into HBSS) as described in section 2.4.7.
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Lactate dehydrogenase release from cultured astrocytes and neurones was 

measured as described in section 2.4.6.

5.2.6. Protein determination

Sample protein concentration was determined using the Lowry method as 

described in section 2.5.

5.2.7. Measurement of NO generated by DETA-NO

The steady state concentration of NO generated by 0.5 mM DETA-NO in 

astrocyte and neurone media at 37 °C was measured using an ISO NO electrode 

(WPI, Florida, USA; Brown et al., 1995). The NO electrode was calibrated by the 

addition of anaerobic NO saturated water (contains 2 mM NO at 20 °C; Brown et 

al., 1995).

5.2.8. Measurement of oxygen consumption in astrocytes

Oxygen consumption in astrocytes was measured in astrocytes as previously 

described by Brown et al (1995). Astrocytes (-4x10^ cells) were removed from 

the flasks with trypsin (section 2.2.2.1) and resuspended in 1 ml respiration buffer 

(134 mM NaCl, 20 mM glucose, 20 mM HEPES, 5.3 mM KCL, 4.1 mM 

NaHCOs, 2 mM CaClz, 0.4 mM KH2PO4, 0.3 mM Na2HP0 4 , pH 7.4). 250 pi of 

cells were then placed in a Clark-type oxygen electrode chamber (Yellow Springs 

Instrument Company, Ohio, USA). The chamber was maintained at 37 °C and 

contained a magnetic stirrer moving at 80 rpm. Oxygen consumption was 

measured for at least 5 minutes, and was measured on a chart recorder 

(Kompensograph X-T Cl Oil, Siemens, Bracknell, UK). The oxygen electrode 

was calibrated against air saturated respiration buffer (100%) and respiration 

buffer containing sodium dithionate (0% oxygen).
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5.2.9. RNA extraction

Astrocytes (~ 4x10^ cells) were treated with 0.5 mM DETA-NO on day 14 in 

culture for the period indicated, and removed from the flask with trypsin (section 

2.2.2.1). Total cellular RNA was then extracted from astrocytes using the method 

described by Chomczynski & Sacchi (1987). Astrocytes were mixed with 6G0p-l 

guanidinium reagent (4M guanidinium thiocyanate, 25 mM sodium citrate; pH 

7.0, 0.5% (vol/vol) sarcosyl, 0.1 mM 2-mercaptoethanol), and the suspension 

mixed with 60 p,l 2M sodium acetate (pH 4), 660 pi phenol (equilibriated with one 

volume 0.5 M Tris, pH 8) and 132 pi chloroform:isoamyl alcohol mixture (49:1 

vol/vol). Following vigorous shaking for 1 minute, and incubation on ice for 15 

minutes, the sample was centrifuged at 10000 x g for 45 minutes at 4 °C. The 

upper aqueous phase (~ 500 pi) containing the RNA was placed in a fresh tube 

and mixed with 1 ml isopropanol, and incubated at -20 °C for 30 minutes to 

precipitate the RNA. RNA was pelleted by centrifugation at 10000 x g for 15 

minutes. The pellet was then resuspended in 180 pi water (containing 0.1% 

(vol/vol) diethylpyrocarbonate (DEPC)) and 20 pi 2M sodium acetate (pH 4). One 

volume of isopropanol was then added, mixed well, and RNA precipitated at -  20 

°C for 30 minutes. RNA was pelleted by centrifugation at 10000 x g for 20 

minutes. The pellet was then washed twice (centrifugation at 10000 x g for 5 

minutes) with 500 pi 70% ethanol. Finally, the RNA pellet was dried in a vacuum 

pump for 10 minutes, and the RNA resuspended in 20 pi DEPC-water.

The quality and concentration of the isolated RNA was determined by 

spectrophotometry. In a quartz cuvette, 2 pi of RNA was mixed with 498 pi 

DEPC-water, and the absorbance measured at 260 and 280 nm. A 260/280 ratio of 

greater than 1.6 was considered to be good quality RNA. The extinction 

coefficient of RNA at 260 nm is approximately 10x10^ M'^cm'\

2 pg of RNA was also mixed with RNA loading buffer (0.003% vol/vol 

bromophenol blue, 9 mM EDTA, 177 mM formaldehyde, 4% vol/vol glycerol, 

6.2% vol/vol formamide, 1.25X MOPS (25 mM 3-[N- 

morpholino]propanesulfonic acid, 6.2 mM sodium acetate, 1 mM EDTA,
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0.05mg/ml ethidium bromide; pH 7.0) and separated on a 0.8% (wt/vol) agarose 

gel (made in IX TAB buffer (40 mM Tris, ImM EDTA, 0.001% vol/vol glacial 

acetic acid; pH 8)) at 80 volts (running buffer: IX TAB buffer) to check that the 

RNA was not digested (Figure 5.1).

5.2.10. Northern Blot 

5.2.10.1. Electrophoresis

Extracted RNA (20 pg) was mixed with IX MOPS, 50% (vol/vol) formamide, 

15% (vol/vol) formaldehyde, and IX RNA loading buffer, and heated at 65°C for 

10 minutes to denature the RNA. The samples were then placed on ice for 5 

minutes and then loaded onto a 1% (wt/vol) agarose gel (made in IX MOPS, 6% 

formaldehyde; 24 x 20 cm). RNA was separated at 40V (running buffer: IX 

MOPS) for 5% hours (note that the gel was protected from light at all times).

5.2.10.2. RNA transference

The apparatus used to transfer RNA from the gel to the membrane is shown in 

Figure 5.2. The 3MM Whatman paper (Maidstone, UK) salt bridge (soaked in 

lOX SSC (1.5 M NaCl, 0.54 M sodium citrate)) was placed on an inverted 

electrophoresis tray and any air bubbles removed. Two pieces of 3MM Whatman 

paper, cut to the same size as the gel and soaked in lOX SSC, were placed on top 

of the salt bridge. The gel was then placed upside down {i.e., bottom of wells 

facing up) on these two pieces of 3MM Whatman paper. The RNA membrane 

(GeneScreen Plus, NEN Life Science, Boston, USA) was cut to the size of the gel 

and soaked in lOX SSC, and placed on top of the gel (air bubbles were removed 

by rolling a pipette over the membrane). Two more pieces of 3MM Whatman 

paper cut to the same size as the gel, and soaked in lOX SSC, were then placed on 

top of the membrane. The apparatus was then placed in a tray containing 200 ml 

lOX SSC. Finally, paper towels (~ 10cm in height) and a weight (~ 1 kg) were 

placed on top of the stack containing the gel and membrane. RNA was allowed to 

transfer from the gel to the membrane for approximately 16 hours.
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28SR N A

18SRNA

Figure 5.1. Electrophoresis of isolated astrocyte RNA
RNA was extracted from astrocytes, and separated on a 0.8% (wt/vol) agarose gel to 

check that the RNA was not digested. Both the 18S and 28S ribosomal RNA is intact, 

indicating that the RNA is not digested.
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Following transference, all the paper was removed, and the membrane (RNA side 

face up) washed in 2X SSC (0.3 M NaCl, 0.11 M sodium citrate). The RNA was 

then fixed to the membrane by Ultraviolet light (approximately 20 seconds).

5.2.10.3. Labelling of GCL and cyclophilin probes

The rat cDNA fragments of both the catalytic and regulatory subunits of GCL 

(GCL/2 and GCL/ respectively) were prepared by Dr. Juan Bolanos (Universidad

de Salamanca, Spain). The 1.1 kb GCL/^ and 0.9 kb GCL/ cDNA fragments were

derived from their mRNA sequences (EMBL accession numbers J05181 and 

S65555, respectively) by RT-PCR from 1 pg of rat brain total RNA with the 

following sense and antisense primers respectively: 5’-CCG GAA TTC GCC 

ATG GGG CTG CTG-3’ (5’ position 24) and 5’-TGC GAG AAG GTG ATC 

GAT GCC TT-3’ (3’ position 1117) for GCL/%; and 5 -CGC GGA TCC CCT

CGG GCG GCA GCT-3’ (5’ position 24) and 5’-CGC GGA TCC TAA ATA 

CAA GGC CCC TGA G-3’ (3’ position 905) for GCL/. These fragments were

subcloned into bluescript pKS vector plasmids. The 0.7 kb cDNA fragment of the 

rat cyclophilin gene was generously donated by Dr. Dionisio Martin-Zanca 

(Universidad de Salamanca, Spain). The northern blot was probed with 

cyclophilin to control for the amount of total RNA loaded in each lane.

Approximately 25 ng of the cDNA fragments were labeled using a Boëhringer- 

Mannheim random-primed labeling kit. DNA (10 pi) was mixed with 2 pi of [a-

32p]dCXP (20 nCi; 3,000 Ci/mmol), 3 pi of a mixture of dATP, dGTP and dXTP 

(0.5 mM each), 2 pi of hexanucleotide mix, and 1 pi (2 units) of Klenow enzyme 

(DNA polymerase I) for 30 min at 37 °C. The ^^P-labeled cDNA was then mixed 

with 60 pi TE buffer (10 mM Tris, 0.1 mM EDTA, pH 8), and the probe mixture 

spun through a sepharose column (1 ml, equilibrated with 1 ml TE; Sigma 

Chemicals) at 5000 rpm for 1 minute.

148



5.2.10.4. Hybridisation of GCL probes

The RNA membrane was soaked in 2X SSC for 10 minutes, and then transferred 

to a hybridisation tube containing 10 ml of prehybridisation solution (1% (vol/vol) 

SDS, IM NaCl, 10% (vol/vol) Dextran sulphate), and incubated at 60°C for 10 

minutes. The labelled GCL/ probe was then added to the hybridisation tube, and 

the membrane incubated for a further 18 hours at 60°C. Following hybridisation, 

the membrane was washed once with 2X SCC plus 0.1% (vol/vol) SDS for 5 

minutes at 60°C, twice with 2X SCC plus 0.1% (vol/vol) SDS for 30 minutes at 

60°C, and once with O.IX SCC (0.15 M NaCl, 0.05 M sodium citrate) for 60 

minutes at room temperature. The membrane was then exposed to Kodak XAR-5 

film for 2-3 days at -70 °C. Autoradiograms were scanned, and the density of the 

GCL/; , GCL/ , and cyclophilin mRNA bands were quantified using image- 

analyzer software (NTH Image, National Institutes of Health, Bethesda, MD, 

U.S.A.). The density of the GCL/, or i mRNA bands were expressed as a ratio 

against cyclophilin mRNA band density. The GCL/j or//cyclophilin mRNA ratio at 

0 h was arbitrarily given a value of 1, and the GCL/, or//cyclophilin mRNA ratios 

at 9 and 24 hours compared to this.

5.3. Experimental protocols 

The effect of DETA-NO on GSH metabolism and ETC

Astrocytes and neurones were treated with 0.5 mM DETA-NO for 6 to 24 hours, 

and the effect of NO-treatment on cellular GSH levels and GCL activity was 

determined. GCL mRNA levels, GSH efflux, and the activity of y-GT was also 

assayed in astrocytes exposed to NO. The activities of the complexes of the ETC 

were also assayed in both astrocytes and neurones following exposure to DETA- 

NO.
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5.4. Results

5.4.1. Determination of NO concentration generated by DETA-NO

DETA-NO (0.5 mM) in either astrocyte or neuronal medium generated a steady 

state NO concentration of 0.93 ± 0.07 juM (n=3) at 37°C. This NO concentration 

was observed within 30 minutes of DETA-NO being prepared in cell culture 

media, and was constant for at least 24 hours.

5.4.2. The effect of DETA-NO on cellular GSH levels

Cellular GSH levels were determined in astrocytes exposed to 0.5 mM DETA-NO 

for 6, 9, 18, and 24 hours (Figure 5.3). GSH levels were approximately doubled 

in astrocytes treated with DETA-NO for 18 and 24 hours. Astrocytes treated with 

0.5 mM decomposed DETA-NO (left to decompose until NO release was 

undetectable) had no effect on GSH levels suggesting the effect was due to NO 

exposure rather than the donor molecule. Note that GSH levels in control 

astrocytes 9 hours after incubation with fresh media were significantly higher than 

the GSH levels prior to the change of media (con 0; Figure 5.3). Exposure of 

astrocytes to DETA-NO for 24 hours had no significant effect on viability 

(control, 5.0 ± 1.2; NO-treated, 6.5 ± 1.1 % LDH released into media (n=5)).

In order to ascertain whether brief exposure to NO is sufficient to elevate GSH 

levels, astrocytes were also treated with 0.5 mM DETA-NO for either 1 or 4 

hours, the cells washed twice with HBSS, and then incubated for a further 23 or 

21 hours in astrocyte media respectively, to see if GSH levels were still elevated 

after 24 hours. No increase in cellular GSH levels was observed for either 

treatment (control 24hr; 18.9 ± 2.1; NO Ihr + 23hr, 17.2 ± 2.4; NO 4hr + 20hr, 

18.7 ± 0.9 (n=3 independent cell preparations)). This suggests that for GSH levels 

to be elevated in astrocytes, a prolonged exposure to NO {i.e., greater than 4 

hours) is necessary.
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Figure 5.3. Cellular GSH levels in astrocytes treated with D ETA -N O

Astrocytes were treated with 0.5mM DETA-NO for 6 to 24 hours, and cellular 

GSH levels determined. GSH levels were significantly elevated in astrocytes 

treated with DETA-NO for 18 and 24 hours. Values are mean ± SEM (n=4-9 

independent cell preparations). Data were statistically evaluated by the Student’s 

t-test. ** p < 0.01 compared with time matched controls.
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Treatment of neurones with 0.5 mM DETA-NO for 24 hours resulted in extensive 

neuronal death (Figure 5.4.). This was not apparent (determined by measuring 

%LDH released by cells) following 9 hours of exposure to NO (control, 5.0 ± 2.4; 

NO-treated, 7.5 ± 2.3% (n=4)). However after 18 hours, a significant increase in 

LDH release was observed (control, 4.9 ± 1.7; NO-treated, 12.2 ± 2.3% (n=4). p < 

0.05). GSH concentrations in neurones were unaltered after 6 and 9 hours of 

exposure to NO, but were decreased by 45% in surviving cells following 18 hours 

of exposure (Figure 5.5). Neurones were also exposed to 0.25 mM, 0.1 mM, and 

0.05 mM DETA-NO for 18 hours to determine whether neurones increased GSH 

levels when exposed to lower NO concentrations (e.g., 0.05 mM DETA-NO 

generated a steady state NO concentration of -100 nM). LDH release and GSH 

levels were unchanged in neurones treated with these lower concentrations of 

DETA-NO. Neuronal media, unlike astrocyte media, contains 25 mM KCl. 

However, GSH levels were still significantly elevated in astrocytes exposed to 0.5 

mM DETA-NO when grown in neuronal media (control, 20.0 ± 0.2; NO-treated, 

31.5 ± 0.8 nmol GSH/mg protein, p < 0.05), suggesting that the presence of KCl 

in the media does not prevent elevation of GSH levels.

Cysteine has been reported to be the rate-limiting substrate for GSH synthesis 

(Kranich et al., 1996; Dringen et al., 1999a). Therefore, perhaps the amount of 

cysteine in neuronal media is limiting (e.g., due to autooxidation of cysteine in 

neuronal media), and thus may cause the depletion of GSH levels upon exposure 

to NO. Neurones were therefore incubated in the absence or presence of 0.5 mM 

DETA-NO for 16 hours. The neuronal media of both control and NO-exposed 

neurones was then supplemented with 350 pM cysteine, a concentration that has 

previously been shown to be non-toxic to neurones and to elevate GSH levels 

within 1 hour in cysteine-starved neurones (Kranich et al., 1996; Dringen et al., 

1999), and the neurones incubated for a further 2 hours. GSH levels in neurones 

exposed to NO were still significantly depleted, compared to control neurones 

(control + cysteine, 11.5 ± 0.6; NO-treated, 8.2 ± 0.6 nmol GSH/mg protein, p < 

0.01). This may suggest that the cysteine concentration in neuronal media was not 

limiting GSH levels in neurones.
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Figure 5.4. Neurones treated with 0.5 mM DETA -N O  for 24 hours

Neurones treated in the absenee (A) or presence (B) of 0.5 mM DETA-NO. 

Extensive neuronal death was observed in NO-treated neurones. Arrows point to 

surviving astrocytes. Neurones were viewed at lOX magnification.
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Figure 5.5. The effeet o f DETA-NO  on GSH levels in neurones

Neurones were treated with 0.5mM DETA-NO for 6 to 18 hours, and cellular 

GSH levels determined. GSH levels were significantly depleted in neurones 

treated with DETA-NO for 18 hours. Values are mean ± SEM (n=4-9 

independent cell preparations). Data were statistically evaluated by the Student’s 

t-test. ** p < 0.01 compared with time matched controls.
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5.4.3. GCL activity in astrocytes and neurones following exposure to DETA- 

NO

The activity of GCL, the rate limiting enzyme in GSH synthesis, was assayed in 

astrocytes and neurones exposed to DETA-NO, to determine whether an alteration 

in the rate of GSH synthesis may account for the elevation and depletion of GSH 

in astrocytes and neurones respectively. GCL activity was significantly increased 

in astrocytes exposed to DETA-NO for 9, 18, and 24 hours (Figure 5.6A). No 

change in GCL activity was observed in neurones treated with DETA-NO at any 

time point (Figure 5.6B). Furthermore, neuronal GCL activity was unchanged 

following incubation with 0.05, 0.1, 0.25 mM DETA-NO for 18 hours.

The increase in cellular GSH levels observed in control astrocytes 9 hours after 

change of media (see above) was concomitant with a significant increase in GCL 

activity in control astrocytes 9 hours after change of media (p < 0.01 compared to 

con 0). GCL activity in neurones was also higher in neurones 9 hours after change 

of media, although this was not significant.

5.4.4. Northern blot of astrocytes exposed to DETA-NO

RNA was isolated from astrocytes treated with DETA-NO to determine whether 

the increase in GCL activity observed could be due to increased expression of one, 

or both, GCL genes. The northern blot shows that the amount of mRNA coding 

for both GCLh and GCL/ was increased in astrocytes exposed to DETA-NO 

(Figure 5.7). GCLh mRNA levels were increased 1.6-fold following exposure to
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Figure 5.6. The effect of DETA-NO exposure on GCL activity in astrocytes 

and neurones

Astrocytes (A) and neurones (B) were treated with 0.5 mM DETA-NO for the 

period indicated, and GCL activity assayed. GCL activity was significantly 

elevated in astrocytes exposed to DETA-NO for 9, 18 and 24 hours. Values are 

mean ± SEM (n=4-7 independent cell preparations). Statistical significance was 

determined by the Student’s t-test. * p < 0.05, ** p < 0.01 compared with time 

matched controls.
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Figure 5.7. Northern blot of GCL/, and GCL/ mRNA in astrocytes exposed to 

DETA-NO

Total RNA was extracted from astrocytes (1) prior to change of media (0 hours); 

(2) control astrocytes, 9 hours; (3) astrocytes exposed to 0.5 mM DETA-NO for 9 

hours; (4) control astrocytes, 24 hours; (5) astrocytes exposed to 0.5 mM DETA- 

NO for 24 hours; (6) astrocytes exposed to 0.5 mM decomposed DETA-NO for 24 

hours. GCL/, mRNA levels were elevated following 9 hours of exposure to 

DETA-NO, while GCL/ mRNA levels were increased following 9 and 24 hours of 

DETA-NO exposure. Cyclophilin (cyclop) was probed to determine the relative 

amount of RNA loaded into every well.
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DETA-NO for 9 hours, but returned to control levels following 24 hours of 

DETA-NO exposure (Table 5.1). GCL/ mRNA levels were increased 2-fold 

following exposure to DETA-NO for both 9 and 24 hours. Exposure to 

decomposed DETA-NO had no effect on mRNA levels, and cyclophilin mRNA 

levels were similar in all samples.

5.4.5. The effect of cyanide on cellular GSH levels

NO is a competitive inhibitor of complex IV (Wainio, 1955), with 0.5 mM DETA- 

NO estimated to inhibit astrocyte oxygen consumption by 93-100% (Personal 

communication from Dr Jake Jacobson, Department of Molecular Pathogenesis, 

Division of Neurochemistry, Institute of Neurology, UCL, London, UK). 

Therefore, astrocytes were treated with cyanide (KCN), another inhibitor of 

complex IV (Scheffler, 1999), to see if this also elevated GSH levels. Treatment 

with 1 mM KCN almost completely abolished oxygen consumption in the 

astrocytes (control, 47.1 nmol 0/min/mg protein; 1 mM KCN, 1.08 nmol 

0/min/mg protein). However, following 24-hour exposure, no increase in cellular 

GSH levels was observed (control, 25.7 ± 3.4; KCN, 26.2 ± 2.3 nmol GSH/mg 

protein (n=3 independent cell preparations)). No increase in cell death 

(determined by % LDH release) occurred following cyanide treatment of 

astrocytes (control, 3.3 ± 1.7; KCN, 3.4 ± 1.1 % LDH release (n=3 independent 

cell preparations)).

5.4.6. The effect of DETA-NO on the ETC in astrocytes and neurones

Given the proposed role of GSH in protecting the ETC from RNS, the activities of 

the ETC complexes were assayed in both astrocytes and neurones following 

exposure to DETA-NO. Astrocytes were exposed to 0.5 mM DETA-NO for 6, 9, 

18 and 24 hours (Table 5.2). A significant 44% loss of complex IV activity was 

observed in astrocytes treated with DETA-NO for 18 hours, while a significant 

23% loss of complex II+III activity was observed following 24-hour exposure.
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Treatment

Relative mRNA 

levels

G C U GCL/

Control 0 hours 1.0 1.0

Control 9 hours 1.0 1.0

DETA-NO 9 hours 1.5 1.9

Control 24 hours 1.0 0.8

DETA-NO 24 hours 1.1 1.6

DecompDETA-NO 24 hours 1.0 1.0

Table 5.1. Relative mRNA amounts of GCL^ and GCL/

The intensity of GCL/^ and GCL/ mRNA bands were measured using NIH Image

software and expressed as a ratio against cyclophilin mRNA intensity. The GCL/^ 

and GCL/ ratios with cyclophilin at 0 hours was arbitrarily set at 1 and all ratios at 

9 and 24 hours compared to this.
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ETC COMPLEX ACTIVITY

Hours Treatment
I

nmol/min/mg

II+III

nmol/min/mg

IV

k/min/mg

CS

nmol/min/mg

6
control

DETA-NO

30.4 + 3.2 

30.8 + 4.4

9.3 + 1.0 

6.8 +1 .0

1.7+ 0.3 

1.6+ 0.2

80.0+14.6  

90.7 + 9.5

9
control

DETA-NO

34.8 + 7.9

31.8 + 4.0

8.0+ 0.9 

7.6+ 0.9

1.4+ 0.2 

1.4+ 0.2

105.6+11.7  

102.6 + 8.1

18
control

DETA-NO

31.3 + 3.6 

32.8 + 8.8

8.6+ 1.1 

8.2+ 1.3

1.6+ 0.2 

0.9+ 0.2*

105.5 + 7.1 

117.8+10.1

24
control

DETA-NO

26.9 + 2.9 

25.4 + 4.6

9.7+  0.6 

7.5+ 0.6*

1.6+ 0.2 

1.2+ 0.2*

119.0 + 8.7

123.0 + 6.7

Table 5.2. The effect of DETA-NO on the ETC in astrocytes

Astrocytes (1x10^ cells/well) were treated with 0.5 mM DETA-NO for the period 

indieated, and the ETC eomplexes assayed in eellular homogenates. A signifieant 

loss of Complex II+III activity was observed following 24-hour DETA-NO 

exposure, eompared to the time matched eontrol. Complex IV aetivity was 

signifieantly lower following exposure to DETA-NO for 18 and 24 hours. Data 

are mean ± SEM (n=4-8 independent eell preparations). Statistical significance 

was determined by the Student’s t-test. * p < 0.05 compared to time matehed 

eontrol.
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A significant loss in neuronal complex II+III (38%) and IV (33%) activity was 

observed following just 6 hours of exposure to DETA-NO in (Table 5.3). 

Following 18 hours of DETA-NO exposure, a greater loss in complex II+III and 

IV activity was observed (52% and 64% respectively). Furthermore, a significant 

31% loss of complex I activity and a 25% loss of CS was observed following 

exposure to DETA-NO for 18 hours. When neuronal complex activity is 

expressed against citrate synthase activity, significant inhibition of complex II+III 

(control, 0.29 ± 0.01; NO-treated, 0.23 ± 0.01 (n=6) p < 0.05) and IV activity 

(control, 0.11 ± 0; NO-treated, 0.08 ± 0.01 (n=6) p < 0.05) persists, while 

significant loss of complex I activity is not observed.

5.4.7. GSH efflux from astrocytes treated with DETA-NO

Cultured astrocytes can release GSH (Yudkoff et al., 1990; Dringen et al., 1997; 

Stone et al., 1999), with approximately 10% of intracellular GSH released per 

hour (Sagara et al., 1996). Since GSH levels are approximately doubled in 

astrocytes treated with DETA-NO for 24 hours (Figure 5.3), the rate of GSH 

efflux from these cells was measured. The rate of GSH efflux from astrocytes 

treated with 0.5 mM DETA-NO for 24 hours was approximately double that of 

control astrocytes (Figure 5.8A). Intracellular GSH levels remained constant in 

control cells for 4 hours during the course of the GSH release experiments. GSH 

levels were also maintained in DETA-NO treated cells for the first two hours, but 

began to fall at 4 hours during the course of the GSH release experiment (Figure 

5.8B). Since the minimal medium used in the GSH release studies does not 

contain cystine or cysteine, the release and recycling of GSH by y-GT in these 

astrocytes might not supply enough cysteine to maintain the greater rate of GSH 

synthesis in these NO-exposed astrocytes.

The LDH released by both control and DETA-NO treated astrocytes was similar 

(control 1 hrs, 0.4 ± 0; DETA-NO 1 hr, 1.0 ± 0.4; control 2 hrs, 0.5 ±0.1; DETA- 

NO 2 hrs, 0.5 ±0.1 % LDH release). This observation suggests that the increased 

rate of GSH efflux observed from DETA-NO exposed astrocytes is due to 

controlled release, rather than cell death or increased membrane permeability.
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ETC COMPLEX ACTIVITY

Hours Treatment
I

nmol/min/mg

II+III

nmol/min/mg

IV

k/min/mg

CS

nmol/min/mg

6
control

DETA-NO

16.2+1.8

16.0+1.7

13.0+1.6  

8.1 +0.9*

2.1 + 0.1 

1.4+ 0.2*

160.5+ 15.1 

147.9 + 6.8

9
control

DETA-NO

16.3 + 1.6 

14.9 + 2.0

11.8+1.4  

7.2+ 1.0*

2 .0+  0.2 

1.3+ 0.2*

154.9 + 7.2 

139.0+10.2

18
control

DETA-NO

14.7+1.1 

10.1 + 1.4*

14.9+1.2  

7.2+ 0.4**

2.2+  0.2 

0.8+ 0.2**

184.7+10.9  

137.1 + 10.4*

Table 5.3. The effect of DETA-NO on the ETC in neurones

Neurones (2.5x10^ cells/well) were treated with 0.5 mM DETA-NO for the period 

indicated, and the ETC complexes assayed in cellular homogenates. A significant 

loss of both complex II+III and IV activity was observed following 6 hours of 

DETA-NO exposure. A significant loss of complex I activity of the ETC, and CS 

activity, was observed following 18-hour DETA-NO exposure. Data are mean ± 

SEM (n=5-7 independent cell preparations). Statistical significance was 

determined by the Student’s t-test. * p < 0.05; ** p < 0.1 compared to time match 

control.
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Figure 5.8. The effect of DETA-NO on GSH efflux

Astrocytes (1x10^ cells/well) were treated with 0.5 mM DETA-NO for 24 hours. 

Cells were then washed in HBSS, and incubated in 1 ml minimal media for 1, 2, 

or 4 hours. The amount of GSH released into the media was measured by HPLC 

(A). Intracellular GSH levels were also measured during the period of release (B). 

The rate of GSH efflux is greater in astrocytes treated with DETA-NO, while 

intracellular GSH levels were maintained. Values are mean ± SEM (n=3-6 

independent cell preparations). Statistical significance between and DETA-NO 

and time matched controls was determined by the Student’s t-test. * p< 0.05, ** p 

<0.01 compared to time matched control.
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Acivicin (a-amino-3-chloro-4, 5-dihydro-5-isoxazoleacetic acid) is an inhibitor of 

y-GT (Stole et al., 1994), an ectoenzyme that metabolises extracellular GSH 

(Meister & Anderson, 1983; Dringen et al., 1997). GSH efflux from astrocytes 

exposed to 0.5 mM DETA-NO for 24 hours was measured in the presence of 100 

pM acivicin (previously shown to inhibit y-GT activity by 100% (Dringen et al.,

1997)). The increase in extracellular GSH concentration due to the presence of 

acivicin, was greater in DETA-NO exposed astrocytes, compared to control cells, 

after 2 and 4 hours (Table 5.4). These results may suggest that the metabolism of 

GSH by y-GT was greater in astrocytes exposed to DETA-NO. Consequently, y- 

GT activity was determined in astrocytes exposed to DETA-NO.

5.4.8. The effect of DETA-NO on y-GT activity

y-GT activity was measured in astrocytes treated with DETA-NO for 1,9, 18, and 

24 hours (Figure 5.9). An increase in y-GT activity was observed following 

incubation with DETA-NO for 18 and 24 hours. Decomposed DETA-NO had no 

effect on y-GT activity (11.3 ± 0.9 nmol/min/mg protein (n=4 independent 

cultures)).

5.5. Discussion

When compared to astrocytes, the data presented here suggests that neurones are 

more susceptible, as judged by mitochondrial respiratory chain enzyme activities 

and LDH release, to NO exposure. This data is in accordance with previous 

studies (Bolanos et al., 1995; Almeida et a l, 2001). This study also shows that 

astrocytes, but not neurones, increased cellular GSH levels upon exposure to NO. 

Following prolonged exposure to NO, GSH in astrocytes was approximately 

doubled, while GSH was depleted by up to 45% in neurones. The increased GSH 

levels in astrocytes could be attributed to the increase in GCL activity observed 

following exposure to NO. We also observed increased mRNA levels for both 

GCL/2 (catalytic) and GCL/ (modifier) subunits in NO-treated astrocytes. This

suggests that the increase in GCL activity observed in NO-treated astrocytes is

164



GSH release (pM)

Time

(hr)
1 2 4

Control
DETA-

NO
Control

DETA-

NO
Control

DETA-

NO

- acivicin 0.6 ±0.0 1.2 ±0.1 1.1±0.1 1.7±0.1 2.0 ±0.2 3.1 ±0.2

+ acivicin 0.8 ±0.0 1.5 ±0.3 1.3 ±0.2 2.3 ± 0.4 2.5 ± 0.3 4.2 ± 0.4

A  GSH 

(%)
129 121 123 138 125 136

Table 5.4. The effect of acivicin on extracellular GSH concentration

Astrocytes (1x10^ cells/well) were treated with 0.5 mM DETA-NO for 24 hours, 

washed twice, and GSH released into minimal medium in the absence (-) or 

presence (+) of lOOpM acivicin was measured after 1, 2 or 4 hours. Values are 

mean ± SEM (n=3-5 independent cell preparations). A  GSH denotes the 

percentage increase of GSH present in minimal media in the presence of acivicin.
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Treatment Time (hours)

□  control BDETA-NO

24

Figure 5.9. The effect of DETA-NO on astrocyte y-GT activity

Astrocytes (1x10^ cells/well) were incubated with 0.5 mM DETA-NO for the 

period indieated, scraped into HBSS, and y-GT activity measured. y-GT activity 

was significantly increased following exposure to DETA-NO for 18 and 24 hours 

(Values are mean ± SEM (n=4-9 independent cell preparations). Statistical 

significance was determined by the Student’s t-test. * p< 0.05, ** p < 0.01 

compared to time matched control.
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due to increased expression of the enzyme. GCL activity was not increased in 

neurones upon exposure to NO.

The activity of GCL in untreated astrocytes was approximately 9-fold greater than 

in neurones supporting previous findings (Makar et al., 1994). The lower GCL 

activity in untreated neurones, compared to astrocytes, may contribute to the 

lower basal concentration of GSH in these cells. Furthermore, the low GCL 

activity in neurones could mean that, upon acute exposure to NO (e.g., 18 hours), 

the rate of GSH depletion may be greater than the rate of de novo GSH synthesis, 

resulting in a net loss of GSH. Since no inhibition of GCL activity was observed 

in neurones treated with NO, the low neuronal GCL activity, and the inability of 

neurones to increase GCL activity upon exposure to NO, could contribute towards 

the greater susceptibility of neurones to oxidative stress. The competitive 

inhibition of the mitochondrial respiration chain by NO may also contribute 

towards lower neuronal GSH levels. Astrocytes, unlike neurones, may invoke a 

glycolytic response upon exposure to NO, thus maintaining ATP synthesis 

(Bolanos et al., 1994; Almeida et al., 2001). Therefore upon NO exposure, the 

lower neuronal ATP levels may limit GSH synthesis since it is a substrate for both 

GCL and GSH synthetase. GSH levels were still depleted when neuronal 

condition media was supplemented with 350 piM cysteine suggesting that the 

depletion of GSH in neurones exposed to NO is not due to a lack of cysteine in the 

media.

A variety of chemical and physical treatments (e.g. metals, oxidants, GSH 

depletion) have been shown to induce transcription of either, or both, the GCL/^ 

and GCL/ genes in endothelial, muscle and astrocyte cells (Iwata-Ichikawa et al.,

1999; Reviewed by Soltaninassab et al., 2000 and Wild & Mulcahy, 2000;). Our 

results in astrocytes support those of Iwata-Ichikawa et al. (1999) who showed 

that astrocytes, but not neurones, are capable of increasing expression of GCL 

mRNA when exposed to hydrogen peroxide or 6-hydroxydopamine. The results in 

the present study also suggest that astrocytes are similar to both smooth muscle 

and endothelial cells which induce expression of both the GCL/^ and GCL/ genes

following exposure to NO (Moellering et al., 1998; 1999).
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The reason why astrocytes, but not neurones, can increase GCL activity upon 

exposure to NO or OHPA is unknown. The greater damage to the ETC and cell 

death observed in neurones exposed to either 0.5 mM NO or OHPA, compared to 

astrocytes, could be argued to be a reason why neurones are unable to increase 

GCL activity (e.g., lack of ATP to increase expression). However, neurones 

incubated with 10-fold less NO, resulting in apparently no cell death, were still 

unable to increase GCL activity or GSH levels.

Cloning of the 5’ flanking regions of both GCL genes has identified putative 

antioxidant response elements (also referred to as electrophile response element, 

EpRE; Mulcahy & Gipp, 1995; Moinova & Mulcahy, 1998). The binding of the 

transcription factor Nrf2 to EpREs, which can increase the transcription of both 

GCL genes in HepG2 cells, is thought to redox sensitive (Zipper & Mulcahy, 

2000; Sekhar et al., 2002). Therefore, prolonged exposure to NO (e.g., greater 

than 4 hours) may induce the oxidation of transcription factors such as Nrf2, 

prompting increased transcription of the GCL genes. Recently, Murphy et al 

(2001) showed that induction of EpRE-mediated gene expression is largely 

restricted to astrocytes, and therefore could explain why astrocytes, but not 

neurones, exhibit increased GCL activity and GSH levels upon exposure to NO.

Incubation of astrocytes with cyanide did not result in elevated GSH levels, 

suggesting that inhibition of the respiratory chain at complex IV by NO, which 

may result in increased production of superoxide and hydrogen peroxide by the 

ETC (Boveris & Chance 1973), is probably not the ‘trigger’. NO is also known to 

activate guanylate cyclase, which increases the levels of the secondary messenger 

cyclic-GMP (Garthwaite et al., 1988; Agullo & Garcia, 1992). Therefore a cyclic- 

GMP-dependent signaling pathway may increase GCL expression in astrocytes. 

Indeed, the activation of guanylate cyclase by a variety of treatments (e.g., 

glutamate, dopamine) has been shown to differ between astrocytes and neurones 

(Agullo & Garcia, 1992). Astrocytes could be incubated with an inhibitor of 

guanylate cyclase during NO exposure to see if this prevents the increase in GCL 

activity and GSH levels. However, Moellering et al (1999) have reported that the
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induction of GCL expression and activity observed in bovine aortic endothelial 

cells following exposure to NO was guanylate cyclase-independent.

Post-translational modification of GCL cannot be ruled out as being a contributing 

factor for the increase in GCL activity upon NO exposure in astrocytes. A 

significant increase in GCL activity was observed in control astrocytes, 9 hours 

after change of media. However, the amount of GCL/^ and GCL/ mRNA was the

same at 9 hours, as it was prior to feeding (con 0). This suggests that 

posttranslational modification of GCL may increase enzyme activity following a 

change of media. Dephosphorylation of GCL has been reported to increase 

enzyme activity (Sun et al., 1996). Western blot analysis with anti- 

phosphotyrosine, serine, or threonine antibodies could be used to determine 

whether a change in the phosphorylation state of GCL occurs following a change 

of media.

The observed increased rate of GSH efflux and activity of y-GT by astrocytes 

exposed to NO for a short period could have important implications for 

neuroprotection in vivo. Cysteine is the rate-limiting substrate for GSH synthesis, 

with both astrocyte and neuronal GSH concentration determined by the 

availability of cysteine or cystine in the culture medium (Kranich et al., 1996, 

1998; Dringen et al., 1999a). Astrocytes are thought to prefer cystine as the 

precursor for GSH synthesis (Kranich et al., 1996, 1998), while neurones rely on 

cysteine for de novo GSH synthesis (Sagara et al., 1993; Dringen et al., 1999a). 

The preferred cysteine precursor for neuronal GSH synthesis appears to be 

cysteinylglycine (Dringen et al., 1999a), which is generated by the metabolism of 

extracellular GSH by y-GT (Meister & Anderson, 1983). Neurones co-cultured 

with astrocytes approximately double their GSH concentration (Bolanos et al., 

1996; Dringen et al., 1999a). This increase in neuronal GSH concentration is 

abolished if astrocytes are incubated in the presence of acivicin, an inhibitor of y- 

GT (Dringen et al., 1999a). Therefore, the increased release of GSH from 

astrocytes, coupled with the increased rate of GSH metabolism to cysteinylglycine 

by y-GT in astrocytes exposed to NO, could result in increased trafficking of GSH 

precursors to neurones. This in turn may elevate neuronal GSH levels, thus giving
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greater protection against acute NO exposure (e.g., 24 hour exposure; Figure 

5.10). Indeed, neurones co-cultured with NO-generating astrocytes have an 

increased GSH concentration, and appear more resistant to oxidative stress 

compared to neurones cultured alone (Bolanos et al., 1996; Stewart et al., 1998a).

It should be noted that increased y-GT activity, and evidence for increased NO 

synthase activity, has been found in the substantia nigra of PD brains (Sian et al, 

1994b; Hunot et al., 1996). The increased activity of y-GT in PD maybe induced 

by exposure to NO, and could be a mechanism to increase the availability of GSH 

precursors in an attempt to protect neuronal cells from NO-mediated damage. 

Since an increase in y-GT activity was observed in astrocytes following 18 and 24 

hours of exposure to NO, this increase is likely to be due to an increase in y-GT 

expression, rather than a posttranslational modification. A northern and/or western 

blot of astrocytes exposed to NO is required to confirm this. An increase in y-GT 

mRNA, protein, and activity, has previously been reported in lung epithelial cells 

exposed to hydrogen peroxide (Kugelman et al., 1994).

Throughout this study, only the effect of NO generated by a nitric oxide donor has 

been investigated on astrocytes and neurones. However, the steady state NO 

concentration of 1 pM generated by DETA-NO was comparable to that produced 

by astrocytes following activation by lipopolysaccharide and interferon-y (Brovm 

et al., 1995). Micromolar concentrations of NO have also been reported following 

ischaemic insults (Murphy, 1999). The NO concentration used in this study 

therefore probably relates to pathological conditions. Basal NO concentrations of 

approximately 0.5 nM have been reported in both rat cortex and rat striatal brain 

slices (Cherian et al., 2000; Griffiths et al., 2002a). Incubation of astrocytes with a 

range of DETA-NO concentrations should indicate the minimal and maximal 

concentrations of NO that can elevate GSH levels in astrocytes.
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Figure 5.10. The proposed mechanism of protection of neurones by astrocytes 

following acute exposure to NO.

The increased release of GSH from astrocytes exposed to NO, coupled to the 

increased activity of y-GT, may increase the extracellular concentration of 

CysGly. This putative increase in CysGly may be shuttled neurones in coculture 

or in vivo, and possibly elevate GSH levels. This may give greater protection to 

the neurones from exposure to NO.
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5.6. Conclusion

Astrocytes increase cellular GCL activity upon acute exposure to NO, possibly 

due to increased expression of both GCL genes, resulting in an increased cellular 

GSH concentration. This may help to protect astrocytes from NO-mediated 

damage (e.g., damage to the mitochondrial respiratory chain). Neurones in culture 

on their own are unable to increase GCL activity upon exposure to stress, and are 

therefore more susceptible to the effects of exposure to NO. However, the 

increased intracellular GSH concentration, rate of GSH release, and y-GT activity 

in astrocytes exposed to NO may help protect neurones in coculture, and possibly 

in vivo, by supplying more GSH precursors, and thus elevating neuronal GSH 

levels.
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Chapter 6

GSH metabolism in neurones cocultured with

astrocytes
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6.1. Introduction

Neurones grown in culture have been reported to have less GSH than astrocytes 

(see section 5.4; Sagara et al, 1993; Bolanos et al., 1995; Dringen et ah, 1999a). It 

has been proposed that the availability of cysteine or cysteine precursors in culture 

media may in part determine neuronal GSH levels. Neurones, unlike astrocytes, 

are unable to use cystine as a precursor for GSH synthesis, and rely on cysteine or 

cysteine containing molecules when cultured in vitro (Sagara et ah, 1993; Kranich 

et al., 1996; Dringen et a l, 1999a). The availability of glutamate and glycine, the 

remaining two components of GSH, do not appear to limit neuronal GSH 

synthesis (Dringen et al., 1999a). Astrocytes on the other hand appear to prefer 

cystine rather than cysteine as a precursor for GSH synthesis when cultured in 

vitro (Kranich a/., 1996, 1998).

When neurones are grown in coculture with astrocytes, neuronal GSH levels are 

approximately double that of neurones cultured alone (Sagara et al, 1993; Bolanos 

et al., 1996; Dringen et al., 1999a). It has been suggested that this elevation in 

neuronal GSH levels is due to the utilisation of GSH released from astrocytes 

(Sagara et al, 1993; Dringen et al., 1999a; Wang & Cynader, 2000). GSH is 

released from astrocytes by an unidentified transport system (Yudkoff et al., 1990, 

Sagara et al., 1996, Stone et al., 1999). The multi resistance drug protein 1 (MRP 

1) transporter has been shown to transport GSH out of liver and kidney cells 

(Paulusma et al., 1999), and is expressed in astrocytes (Hirrlinger et al., 2001). To 

date, astrocytic MRPl has been shown to transport GSSG out of astrocytes 

(Hirrlinger et al., 2001), but no studies on GSH efflux from astrocytes have been 

published.

Wang and Cynader (2000) have proposed that the GSH released by astrocytes is 

used to reduce cystine to cysteine, which can then be utilisised by neurones for 

GSH synthesis (Figure 1.7, route 1). Alternatively Dringen et al (1999a) have 

postulated that the GSH released by astrocytes is metabolised by the astrocytic 

ectoenzyme y-glutamyltranspeptidase (y-GT) generating the dipeptide 

cysteinylglycine (CysGly; Meister & Anderson, 1983; Stole et al., 1994; Dringen 

et al., 1997a). The CysGly generated by y-GT can then be used as a precursor for
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neuronal GSH synthesis (Figure 1.7, route 2; Dringen et a l, 1999a, 2001). 

CysGly is thought to be a precursor for neuronal GSH synthesis since neuronal 

GSH levels are doubled within 4 hours when incubated with CysGly (Dringen et 

al., 1999a). Furthermore, inhibition of astrocytic y-GT prevents the elevation of 

neuronal GSH levels when cocultured with astrocytes (Dringen et a i, 1999a). 

Aminopeptidase N (EC 3.4.11.2), an ectopeptidase localised on the outer leaflet of 

neuronal plasma membranes, has been reported to hydrolyse CysGly, and the 

cysteine and glycine taken up by neurones for de novo GSH synthesis (Dringen et 

aL, 2001). The observation that incubation of neurones with cysteine and glycine 

elevated neuronal GSH levels to a similar extent as CysGly (Dringen et aL, 1999a, 

2001), and the lack of the peptide transporter PepT2 in neurones (Dringen et al., 

2001), which has been shown to transport CysGly into astrocytes (Dringen et al,

1998), supports the hypothesis that CysGly is hydrolysed outside the cell, rather 

than taken up whole by neurones.

Neurones cultured alone, compared to astrocytes, appear to be more susceptible to 

oxidising species {e.g., NO, peroxynitrite, hydrogen peroxide; see section 5.4; 

Bolanos et aL, 1995; Iwata-Ichikawa et aL, 1999; Almeida et aL, 2001). The 

greater cellular GSH concentration in astrocytes has been postulated to contribute 

towards the greater resistance of astrocytes to such insults (Bolanos et aL, 1995). 

Coculture experiments in which neurones have been incubated with astrocytes 

generating NO (referred to as activated astrocytes) further support this hypothesis 

(Bolanos et aL, 1996). Incubation of astrocytes with lipopolysaccharide (EPS) and 

the cytokine interferon-y (IFN-y) increases the expression of inducible NO 

synthase (Simmons & Murphy, 1992; Bolanos et aL, 1994; Brown et aL, 1995). 

Incubation of astrocytes with EPS and IFN-y for 18-24 hours increases astrocytic 

NOS activity by 96-fold, generating a steady state NO concentration of 

approximately 1 pM (Bolanos et aL, 1994; Brown et aL, 1995). When neurones 

were cocultured with activated astrocytes, neuronal GSH levels were 

approximately doubled compared to untreated neurones cultured alone (Bolanos et 

aL, 1996). The complexes of the ETC were also observed to be less susceptible to 

NO-exposure, compared to neurones cultured alone exposed to a NO donor 

(Bolanos et aL, 1996; Stewart et aL, 1998a). Bolanos et al (1996) suggested that
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the lower amount of ETC dysfunction in neurones cocultured with activated 

astrocytes was due to the greater GSH concentration present in these cells.

The aim of this chapter was to investigate further the mechanism by which GSH 

levels are elevated in neurones cocultured with astrocytes. Neurones were 

cocultured with astrocytes to determine whether the release of GSH by astrocytes 

was sufficient to increase neuronal GSH levels, or whether neuronal GCL activity 

was also increased. Astrocytes depleted of GSH by incubation with L-buthionine- 

S,R-sulfoximine (L-BSO), an inhibitor of glutamate-cysteine ligase (GCL), were 

also cocultured with neurones. In theory these astrocytes should release very little 

GSH, and therefore GSH levels in neurones cocultured with these cells should not 

be increased. The ETC complex activities in neurones cocultured with activated 

astrocytes were compared with neurones cocultured with activated astrocytes 

depleted of GSH. This experimental paradigm should indicate whether the 

increased neuronal GSH levels render the ETC more resistant to oxidative stress 

as previously suggested (Bolanos et al., 1996; Stewart et al, 1998a).

6.2. Methods

6.2.1. Astrocyte and neurone primary culture

Astrocytes and neurones were isolated from Wistar rats and cultured as described 

in section 2 .2 .

6.2.2. Neurone- astrocyte coculture

The astrocyte-neurone coculture model used in the following experiments was 

previously described by Bolanos et al (1996), and is shown in Figure 6.1 

Astrocytes were removed from flasks on day 13 by trypsin (section 2.2.2.1), and 

1x 1 0  ̂ astrocytes (in 1 ml astrocyte media (section 2 .2 .1)) were seeded onto the 

membrane of a Costar transwell insert (Coming Inc., New York, USA). The 

membrane has a growth surface of 4.5 cm^, is made of polycarbonate, and is
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(A) (B)

(C)

^  Astrocytes 
(1x10^ / insert)

insert

1 ml astrocyte media

Membrane 
(0.4 îM pore size)

1 mm gap

2.5 ml neuronal media
Neurones (2.5 x 10 )̂

grown on bottom o f well 

Figure 6.1. Neurone -Astrocyte coculture apparatus
(A) Picture o f two inserts next to a 12-well plate. The insert on the right is placed 

on its side to show the membrane at the bottom o f the insert. (B) Two inserts 

placed in a 12 well-plate. (C) A schematic diagram o f  the neurone-astrocyte 

coculture apparatus for 6-well plates.
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permeable to molecules, ions, and macromolecules < 0.4 pm in size. The insert 

was then placed in the well of a six well plate (9.6 cm^ area; Coming Inc.) 

containing 2.5 ml of astrocyte media and incubated for 24 hours to allow the 

astrocytes to attach to the membrane. Astrocytes were than induced to synthesise 

NO by incubating with 1 ml astrocyte media containing 1 pg/ml LPS (Sigma 

Chemicals) and 100 units/ml recombinant rat IFN-y (CN Biosciences, 

Nottingham, UK) for 24 hours as previously described (Bolanos et al, 1994). 

Following 24 hours of incubation, the media was removed, and the astrocytes 

washed twice with HBSS. The insert was then placed in a well (9.6 cm^ area; 

Coming, Inc) containing 2.5 x 10  ̂ neurones (day 6  in vitro). The neurones and 

astrocytes were then incubated together for 24 hours (initially 1 ml astrocyte 

media in insert; 2.5 ml neurone media in well). The inserts were then removed, 

and the neurones harvested from the well with trypsin (section 2 .2 .2 .1), 

resupended in 500 pi isolation medium (section 2.2.4), and frozen at -70°C.

6.2.4. The Greiss and nitrate reductase assay

The Greiss assay coupled to nitrate reductase measures the amount of nitrite (NO2’ 

) and nitrate (NO3’) in cell culture media, and is used as an indication of iNOS 

activity (Green et al., 1982). Astrocytes were seeded into 6 -well plates (1x10^ 

cells/well) and incubated with 1 ml phenol red free minimal essential media 

supplemented with 2 mM glutamine and either 1 pg/ml LPS and 100 units/ml 

recombinant rat IFN-y, or 1 pg/ml LPS, 100 units/ml recombinant rat IFN-y, and 

0.5 mM L-BSO for 24 hours. The media was then removed from the cells and 

stored at -70 °C until required.

1 ml of nitrate reductase (EC 1.7.1.3; lU/ml; Boehringer-Mannheim) was mixed 

with 1.2 ml of ImM NADPH. 30 pi of this mixture was then mixed with 50 pi of 

sample and 10 pi of 50 pM FAD in the well of a 96-well plate (Coming, Inc), and 

incubated at 37 °C for 15 minutes. 20 pi of a mixture containing 500 U/ml lactate 

dehydrogenase (LDH; Boehringer-Mannheim) and 0.5M pymvate (Na"̂  salt) was 

then added to each sample well and incubated at 37 °C for 5 minutes. lOOpl of 

Greiss reagent (0.05% (vol/vol) naphthalethylenediaminedihydrochloride and
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0.5% (vol/vol) sulphanilamide) was then added to each well and incubated at 

room temperature for 10 minutes. The reaction of NO2' with the Greiss reagent 

was assayed by measuring absorbance at 540 nm on a spectrophotometric plate 

reader (Spectramax Plus, Molecular Devices, Berkshire, UK). Absorbance was 

converted to concentration using a calibration curve of NO2' standards (0-100 pM) 

made up in phenol red free minimal essential medium. NO3 standards (0-100 pm) 

were also incubated with nitrate reductase et cetera as above, to make sure that 

conversion ofNOg' to NO2 was greater than 95%.

6.2.3. Determination of GSH levels

Cellular GSH levels in astrocytes and neurones were determined by reverse-phase 

HPLC and electrochemical detection as described in section 2.6.

6.2.4. Measurement of GCL activity in neurones

GCL activity was measured in neuronal homogenates following coculture with 

astrocytes by reverse-phase HPLC and electrochemical detection as described in 

section 3.2.

6.2.5. Measurement of GSH release by astrocytes

The release of GSH by 1 x 10  ̂ astrocytes into 1 ml of minimal medium (section

5.2.3) following treatment for 24 or 48 hours was determined as previously 

described (section 5.2.3).

6.2.6. Spectrophotometric enzyme assays

The activities of complexes I-IV of the ETC and CS were measured in neurones 

following eoculture as previously described (section 2.4.1-2.4.4).
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LDH release by astrocytes and neurones was determined as previously described 

(section 2.4.6).

6.2.7. Protein determination

Sample protein concentration was determined using the Lowry method as 

described in section 2.5.

6.3. Experimental protocols

Determination of neuronal GSH levels, GCL activity, and ETC complex 

activity following coculture with astrocytes.

Neurones were cocultured with untreated astrocytes, astrocytes activated to 

generate NO by LPS and IFN-y, astrocytes depleted of GSH by L-BSO, and 

activated astrocytes depleted of GSH, to determine the effect on (a) neuronal GSH 

levels (b) neuronal GCL activity, and (c) neuronal ETC complex activity.

6.4. Results

6.4.1. GSH release from activated astrocytes treated with L-BSO

Prior to culturing neurones with activated astrocytes depleted of GSH, 

intracellular GSH levels and GSH release from activated astrocytes depleted of 

GSH were determined. Astrocytes (1x10^ cells/well) were incubated with LPS (1 

pg/ml), IFN-y (100 units/ml), and 0.5 mM L-BSO for 24 hours. The astrocytes 

were then washed twice with HBSS, and both intracellular GSH levels, and GSH 

released into minimal media after 1 hour were determined (Figure 6.2). In the 

coculture paradigm, this is the point at which the activated astrocytes depleted of 

glutathione would be transferred to the neurone-containing wells (section 6 .2 .2 ). 

In a sister well, astrocytes following incubation with LPS, IFN-y, and L-BSO for 

24 hours were washed twice with HBSS, and incubated for a further 24 hours in 

astrocyte media (without LPS, IFN-y, L-BSO), to determine intracellular GSH
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Figure 6.2. Intracellular GSH levels and GSH release from astrocytes treated 

with L-BSO

Astrocytes were treated with 0.5 mM L-BSO or LPS (1 |ag/ml), IFN-y (100 

units/ml), and 0.5 mM L-BSO for 24 hours, the cells washed twice in HBSS, and 

incubated for a further 24 hours in astrocyte media. Intracellular GSH levels (A) 

and GSH released into 1 ml of minimal media in 1 hour (B) was determined at 24 

hours and 48 hours after start of incubation. Values are mean ± SEM (n=3 

independent cell preparations). Statistical significance was determined by one­

way ANOVA followed by least significant difference test compared to time 

matched control. * p < 0.05; ** p < 0.01
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levels and GSH release after 48 hours (equivalent to end of 24 hour incubation of 

activated astrocytes with neurones; Figure 6.2). Intracellular GSH was depleted 

by 87% in activated astrocytes treated with L-BSO after 24 hours (Figure 6.2A). 

The amount of GSH released into minimal media after 1 hour by these GSH 

depleted astrocytes was 94% lower than untreated astrocytes (Figure 6.2B) The 

depletion of intracellular GSH and release of GSH was similar in astrocytes 

treated with 0.5mM L-BSO alone (Figure 6.2A,B). Intracellular GSH levels and 

GSH release were higher in activated astrocytes 24 hours after the removal of L- 

BSO, but were still significantly lower compared to untreated astrocytes (Figure 

6.2A,B). It should be noted that the GSH levels in untreated astrocytes (8.7 ± 0.5 

nmol GSH/mg protein) were lower than in previous chapters. Variability of GSH 

levels in both animals and cell culture have been noted between experiments 

(Bolanos et al., 1994,1995; Cock et ah, 2002), and could be the reason for the 

change in GSH levels noted here (see section 6.5).

The depletion of GSH appeared to have no effect on the activation of astrocytes 

by LPS and IFN-y. NO3' and NO2’ levels in culture media were similar for both 

activated astrocytes and activated astrocytes depleted of GSH (43.5 ± 2.5 and 50.8 

± 3.7 nmol NO2’ + NO3' /million cells respectively (n=3 independent cell 

preparations)), and were significantly greater compared to control cells (26.4 ± 0.3 

nmol NO2’ + NO3 /million cells (n=3 independent cell preparations)). Cell 

viability, as measured by LDH release, was also unaffected by activation and GSH 

depletion (control, 13.9 ± 3.4; LPS + IFN-y + L-BSO, 22.2 ± 4.7 % LDH release 

(n=4 independent cell preparations)). In conclusion, astrocytes can be 

simultaneously activated and depleted of GSH with no apparent affect on the 

induction of NOS activity or cell viability. The amount of GSH released by these 

astrocytes was considerably lower than from untreated astrocytes during the 24- 

hour period that they were cocultured with neurones.

6.4.2. Neurone-astrocyte coculture

Neurones were cocultured with either astrocytes depleted of GSH, or activated 

astrocytes depleted of GSH, to determine whether the diminished release of GSH
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by these astrocytes had any effect on neuronal GSH levels and the ETC, compared 

to neurones cocultured with either untreated or activated astrocytes.

6.4.2.1. GSH metabolism in neurones cocultured with astrocytes

Astrocytes (1x10^ cells/insert) were incubated with: LPS (1 pg/ml) and IFN-y 

(100 units/ml); 0.5 mM L-BSO; or LPS (1 pg/ml), IFN-y (100 units/ml), and 0.5 

mM L-BSO for 24 hours. The astrocytes were then cocultured with neurones 

(2.5x10^ cells/well) for 24 hours, the inserts removed, and neuronal GSH levels 

and GCL activity determined in neuronal homogenates. Neuronal GSH levels and 

GCL activities were also determined in untreated neurones cultured alone, or 

treated with 100 pM CysGly, for 24 hours.

Neuronal GSH levels were significantly greater in neurones cocultured with 

untreated or activated astrocytes, compared to neurones cultured alone (Figure

6.3), as previously described (Sagara et a l, 1993; Bolanos et al., 1996; Dringen et 

al., 1999a). GSH levels were not elevated in neurones cocultured with either GSH 

depleted astrocytes, or activated astrocytes depleted of GSH, and were 

significantly lower compared to neurones cocultured with untreated or activated 

astrocytes (Figure 6.3). GSH levels were unaffected in neurones treated with 100 

pM CysGly.

Neuronal GCL activity was also determined in neurones cocultured with 

astrocytes. GCL activity in neurones cocultured with either untreated astrocytes or 

activated astrocytes was no greater than in neurones cultured alone, or with 1 0 0  

pM CysGly (Figure 6.4). However, GCL activity was increased 2.2 fold in 

neurones cocultured with either GSH depleted astrocytes, or activated astrocytes 

depleted of GSH, compared to neurones cocultured with untreated or activated 

astrocytes (Figure 6.4).
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Figure 6.3. GSH levels in neurones cocultured with astrocytes

Neurones were incubated with neuronal media (con (-)), 100 CysGly, 

untreated astrocytes (con (+)), activated astrocytes (LPS/IFN), GSH depleted 

astrocytes (BSO), or activated astrocytes depleted of GSH (LPS/IFN/BSO), for 24 

hours and GSH levels determined in neuronal homogenates. GSH levels were 

significantly elevated in neurones cocultured with either untreated or activated 

astrocytes, compared to neurones cultured alone. GSH levels in neurones cultured 

with GSH depleted astrocytes, or activated astrocytes depleted of GSH, were 

significantly lower than in neurones incubated with untreated or activated 

astrocytes. Values are mean ± SEM (n=4-7 independent cell preparations). 

Statistical significance was determined by one-way ANOVA followed by least 

significant difference test. # p < 0.05 compared to con (-); * p < 0.05 compared to 

con (+) and LPS/IFN.
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Figure 6.4. GCL activity in neurones cocultured with astrocytes

Neurones were incubated with neuronal media (con (-)), 100 pM CysGly, 

untreated astrocytes (con (+)), activated astrocytes (LPS/IFN), GSH depleted 

astrocytes (BSO), or activated astrocytes depleted of GSH (LPS/IFN/BSO), for 24 

hours and GCL activity determined in neuronal homogenates. GCL activity was 

significantly elevated in neurones cultured with GSH depleted astrocytes, or 

activated astrocytes depleted of GSH in neurones compared to neurones 

cocultured with untreated or activated astrocytes, or neurones cultured alone. 

Values are mean ± SEM (n=4 independent cell preparations). Statistical 

significance was determined by one-way ANOVA followed by least significant 

difference test. * p < 0.05 compared to con (+) or con (-).
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TREATMENT

ETC COMPLEX ACTIVITY

I

nmol/min/mg

II+II

nmol/min/mg

IV

k/min/mg

CS

nmol/min/mg

con (+) 14.5 + 2.0 15.2 + 0.7 2.0+ 0.0 196.9+19.2

LPS/IFN 15.6 + 3.3 12.8+1.4 1.8+ 0.1 190.7 + 21.2

BSO 15.7 + 2.1 13.1+2.3 1.9+ 0.3 227.1 +28.1

LPS/IFN/BSO 19.2+1.3 10.8 + 0.4* 1.5 ± 0 .1 * ' 188.3 + 26.6

Table 6.1. ETC complex activity in neurones cocultured with astrocytes

Neurones were incubated with untreated astrocytes (con (+)), activated astrocytes 

(LPS/IFN), GSH depleted astrocytes (BSO), or activated astrocytes depleted of 

GSH (LPS/IFN/BSO) for 24 hours, and ETC complex activity determined in 

neuronal homogenates. Complex 11+111 was significantly lower in neurones 

cocultured with activated astrocytes depleted of GSH compared to neurones 

cocultured with untreated astrocytes, while complex IV activity was significantly 

lower in neurones cocultured with activated astrocytes depleted of GSH compared 

to neurones cocultured with untreated or activated astrocytes. Values are mean ± 

SEM (n=4-6 independent cell preparations). Statistical significance was 

determined by one-way ANOVA followed by a least significant difference test. * 

p < 0.05 compared to con (+);  ̂p < 0.05 compared to LPS/IFN.
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6 4.2.2. ETC complex activities in neurones cocultured with astrocytes

The ETC complex activities were determined in neuronal homogenates cocultured 

with astrocytes (Table 6.1) A significant 29% loss of Complex II+III activity was 

observed in neurones cocultured with activated astrocytes depleted of GSH, 

compared to neurones cocultured with untreated astrocytes. Complex IV activity 

was significantly reduced by 24% and 17% in neurones cocultured with activated 

astrocytes depleted of GSH, compared to neurones cocultured with untreated or 

activated astrocytes respectively. No loss of complex I or citrate synthase activity 

was observed following incubation with activated astrocytes depleted of GSH.

No increase in LDH activity was observed in neurones cocultured with activated 

astrocytes (4.2 ±1.1 %LDH release), GSH depleted astrocytes (4.0 ± 2.2 %LDH 

release), or activated astrocytes depleted of GSH (4.4 ± 1 . 5  %LDH release), 

compared to neurones cultured with untreated astrocytes (2.2 ± 0.4 %LDH 

release; n=4 independent cell preparations).

6.5. Discussion

The increased GSH levels observed in neurones cocultured with untreated or 

activated astrocytes, compared to neurones cultured alone, are consistent with 

previous studies (Sagara et al., 1993; Bolanos et al., 1996; Dringen et al., 1999a). 

The results in this study suggest that the elevation of GSH levels in cocultured 

neurones is dependent on GSH release by astrocytes, since GSH levels were not 

elevated in neurones when they were cocultured with GSH depleted astrocytes 

that released very little GSH. The elevation of GSH levels in cocultured neurones 

was not concomitant with an increase in neuronal GCL activity, indicating that the 

release of GSH by astrocytes alone maybe sufficient to increase neuronal GSH 

levels. The lack of GSH released by astrocytes will significantly lower the amount 

of CysGly available to neurones, and may explain why neurones cannot increase 

GSH levels under these conditions. Dringen et al (1999a) have reported than 

inhibition of y-GT, the ectoenzyme that metabolises GSH to CysGly, abolishes the 

elevation of neuronal GSH levels when cocultured with astrocytes, further 

supporting the hypothesis that CysGly is necessary for elevated neuronal GSH
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levels. However, it should be noted that incubation of neurones with 100 p.M 

CysGly for 24 hours in this chapter did not result in an increase in neuronal GSH 

levels. An explanation for this maybe that an increase in neuronal GSH levels may 

occur at an earlier time point, and that by 24 hours, all the CysGly has been 

exhausted {i.e., taken up by neurones, oxidised to CysGly disulphide), and GSH 

levels have returned to basal levels. GSH levels in neurones need to be determined 

at earlier time points to see if this is the case. Neuronal GSH levels have been 

reported to double following incubation with 100 pM CysGly for 4 hours 

(Dringen et al., 1999a).

The present results do not indicate whether the supply of cysteine to neurones in 

coculture is due to the reduction of cystine by GSH released from astrocytes 

(Figure 1.7, route 1; Wang & Cynader et ah, 2000), or metabolism of 

extracellular GSH by y-GT to supply CysGly (Figure 1.7, route 2; Dringen et al., 

1999a). However, it should be noted that the experiments investigating the 

conversion of cystine to cysteine by extracellular GSH were performed in culture 

media containing 33 mM glucose (Wang & Cynader, 2000), which is far greater 

than the physiological concentration of approximately 5 mM. Furthermore, the 

rate of GSH release from these cultured rat cortical astrocytes was at least 5-fold 

lower than reported by others (Sagara et al., 1996; Dringen et al., 1997a; Stone et 

al., 1999). The observed loss of cystine from the cell culture media by Wang & 

Cynader (2000) could be accounted for by astrocytic uptake, rather than 

conversion to cysteine, while the increased cysteine levels could be due to 

hydrolysis of CysGly. No experiments were performed in the presence of acivicin, 

an inhibitor of y-GT, to see if this had any effect on extracellular GSH and 

cysteine levels.

GCL activity in neurones was unchanged when incubated with 100 pM CysGly, 

or cocultured with either untreated or activated astrocytes. However, neuronal 

GCL activity was increased by more than 2-fold when cocultured with either GSH 

depleted astrocytes or activated astrocytes depleted of GSH. Since GCL activity 

was increased by a similar amount in both cases, it would suggest that this 

observation is a result of incubation with astrocytes depleted of GSH, rather than
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exposure to NO. Indeed, the previous chapter of this thesis (chapter 5) has 

indicated that neurones exposed to the NO donor DETA-NO do not increase GCL 

activity.

The results also suggest that the elevation in GCL activity maybe due to a signal 

released from the GSH depleted astrocytes, rather than just a response to a lack of 

GSH or GSH precursors {e.g., CysGly), since GCL activity in neurones cultured 

alone, which in theory are exposed to very little GSH or CysGly, had similar GCL 

activity to that of neurones cocultured with untreated astrocytes or activated 

astrocytes. It is unclear whether the increased GCL activity observed in neurones 

cocultured with GSH depleted astrocytes is due to increased expression of the 

enzyme or a posttranslational modification of the enzyme. Determination of GCL 

activity at earlier time points {e.g., 1 hour) and measurement of GCL mRNA 

levels at several time points may indicate the probable reason for the increase in 

enzyme activity.

Astrocytes release a variety of signalling molecules such as cytokines {e.g., 

interleukin Ip), tumour necrosis factor (TNF), and neurotrophins {e.g., brain 

derived neurotrophic factor (BDNF), glial derived neurotrophic factor (GDNF); 

Mollace et al., 1998; McNaught & Jenner, 2000b). Interleukin Ip, TNF, and 

certain neurotrophic factors (e.g., nerve growth factor) have been reported to 

increase expression of GCL (Pan & Perez-Polo, 1993; Ikegami et al., 2000; 

Soltaninassab et al., 2000). Therefore, the depletion of GSH in astrocytes may 

prevent or induce the release of a particular signalling molecule. Indeed, 

astrocytes depleted of GSH have been reported to lower the release of BDNF and 

GDNF (McNaught & Jenner, 2000b). Furthermore, neurones incubated in 

astrocyte-conditioned media, but not neuronal media, are able to increase GSH 

levels and GCL expression upon exposure to hydrogen peroxide (Iwata-Ichikawa 

et al., 1999).

Alternatively, the depletion of GSH in astrocytes may increase the amount of 

reactive oxygen species within the cell, which may be released, and act as a signal 

to increase GCL activity in the cocultured neurones.
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Although GCL activity is increased in neurones cocultured with astrocytes 

depleted of GSH, no increase in neuronal GSH levels was observed. This in part 

can be explained by the lack of GSH released by astrocytes. However, it also may 

suggest that the amount of cysteine (or cysteine containing molecules) available to 

neurones in cell culture neuronal media maybe limiting the amount of de novo 

neuronal GSH synthesis. This could he due to low concentrations of cysteine 

following 24 hours of uptake by neurones and astrocytes. Supplementation of 

neuronal media with cysteine or CysGly following coculture for 24 hours with 

GSH depleted astrocytes, or a change of media at this point, followed by 

incubation for a short period {i.e., 4 hours) prior to determination of GSH levels, 

may indicate whether a lack of cysteine in neuronal medium is preventing an 

elevation of GSH levels in neurones with increased GCL activity.

Previous experiments have suggested that the greater GSH levels in neurones 

cocultured with activated astrocytes resulted in the ETC being less susceptible to 

reactive nitrogen species, compared to neurones cultured alone exposed to the NO 

donor S-nitroso-N-acetylpenicillamine (Bolanos et al., 1996; Stewart et ah, 

1998a). The results from this chapter showed that complexes I, II+III and IV were 

unaffected in neurones cocultured with activated astrocytes. These results are 

similar to those reported by Bolanos et al (1996), but differ from those of Stewart 

et al (1998a). A 38% and 30% loss of complex II+III and IV activity was reported 

following exposure to activated astrocytes for 24 hours (Stewart et al., 1998a). 

However, the astrocytes were activated with 500 units/ml IFN-y, compared to 100 

units/ml used in this chapter and Bolanos et al (1996). Therefore, the astrocytes 

used by Stewart et al (1998a) may have greater NOS activity, and consequently 

the cocultured neurones exposed to a greater concentration of NO.

When neurones were exposed to activated astrocytes depleted of GSH in this 

chapter, a significant 29% and 25% loss of complex II+III and IV activities 

respectively were observed, compared to neurones cocultured with untreated 

astrocytes. The activity of complex IV, but not complex II+III, in neurones 

cocultured with activated astrocytes depleted of GSH was also significantly lower 

than in neurones cocultured with activated astrocytes, which have almost twice the 

amount of GSH. This result supports the hypothesis that greater cellular GSH
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levels protect the ETC from oxidative stress (Bolanos et al., 1995; Barker et ah, 

1996). However, the damage to the ETC in these cells, compared to neurones 

cocultured with activated astrocytes, was perhaps less than expected. Activated 

astrocytes have been shown to generate a steady state NO concentration of 

approximately 1 pM (Brown et al., 1995) and is similar to that generated by 0.5 

mM DETA-NO in the previous chapter. However the damage to neurones 

exposed to DETA-NO was much greater than in neurones cocultured with 

activated astrocytes depleted of GSH in this chapter. Perhaps other cellular 

antioxidant systems that may protect the ETC, in addition to the observed increase 

in GCL activity, could have been up regulated in these neurones. Mice over 

expressing CuZnSOD or Bel-2 have been reported to prevent the loss in activity 

of complexes I, II and IV in the brain following GSH depletion by L-BSO (Merad- 

Saidoune et al., 1999). Dopaminergic neurones that are induced to increase 

tetrahydrobiopterin levels, which can act as an antioxidant (Heales et al., 1988), 

also prevent the toxicity associated with depletion of GSH (Nakamura et al., 

2000b).

As noted in the results, intracellular GSH levels were lower in both untreated 

astrocytes and neurones cultured alone, compared to previous chapters. These 

differences could be due variations between batches of animals. Variation 

between the batches of D- and L-valine minimal essential media or foetal bovine 

serum may also have affected the cells {e.g., the availability of substrates or 

growth factors). In the case of astrocytes, variation in media may have affected the 

rate of proliferation during the two weeks of culture. Decreased GSH levels have 

been associated with high cell density in hepatocytes (Lu & Ge, 1992), or a 

decrease in the proliferation rate of colon adenocarcinoma cells (Kirlin et al., 

1999).

6.6. Conclusion

Neurones in coculture require astrocytes to release GSH in order to elevate 

neuronal GSH levels. GCL activity was similar in either neurones cultured alone, 

or cocultured with untreated or activated astrocytes, implying that the supply of
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GSH/CysGly by astrocytes is sufficient to increase neuronal GSH levels in 

coculture. Interestingly, despite GSH levels not being elevated in neurones 

cocultured with astrocytes depleted of GSH, GCL activity was increased in these 

neurones. The results suggest that the increased neuronal GCL activity is due to a 

signal released from astrocytes {e.g., neurotrophins, cytokines, reactive oxygen 

species) rather than exposure to NO, or a lack of GSH precursors supplied by 

astrocytes.

An increase in y-GT activity has previously been reported in the substantia nigra 

of PD brains at post-mortem (Sian et al., 1994b). This phenomenon has been 

postulated to be a protective mechanism by cells to increase the supply of GSH 

precursors to surviving neurones and glia. The release of signals from GSH 

depleted astrocytes that increase GCL activity in surviving neurones, in tandem 

with increased y-GT activity, could maintain or increase GSH levels in these 

surviving neurones, and therefore give them greater protection. The depletion of 

GSH in the substantia nigra is thought to be an early event in the pathogenesis of 

the Parkinson’s disease (PD; Dexter et al., 1994). The isolation of the putative 

signal that induces GCL activity in neurones could lead to treatments that prevent 

the loss of GSH in PD, and perhaps progression of the disease.
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Chapter 7

General Discussion and Conclusions
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Several studies have indicated that neurones cultured alone are more susceptible 

to NO, peroxynitrite, and hydrogen peroxide exposure, compared to astrocytes 

(Bolanos et al., 1995; Ben-Yoseph et al., 1996; Iwata-Ichikawa et al., 1999; 

Almeida et al., 2001). The results from this thesis have also indicated that 

neurones cultured alone are much more susceptible to the effects of the proposed 

mitochondrial GSH depleting agent OHPA, and reactive nitrogen species (RNS), 

as measured by damage to the mitochondrial electron transport chain (ETC) and 

cell viability.

A reason for this differential susceptibility to RNS and OHPA may be that 

astrocytes, unlike neurones cultured alone, can modulate the activity of some of 

the components involved in GSH metabolism. Exposure to both RNS and OHPA 

increased the activity of astrocytic glutamate-cysteine ligase (GCL; Table 4.6; 

Figure 5.6), and therefore cellular GSH levels (Figures 4.5, 5.3). The increased 

GCL activity in astrocytes exposed to NO, and possibly OHPA, was due to the 

increased expression of both GCL genes (Figure 5.7). The increased GSH levels 

in these cells may well contribute to the greater resistance of the ETC in astrocytes 

to oxidative stress (Tables 4.7, 5.2, 5.3).

Previously, cultured rat astrocytes have also been postulated to protect themselves 

from oxidative stress by increasing the activity of the pentose phosphate pathway 

(PPP) and glycolysis (Ben-Yoseph et al., 1996; Garcia-Nogales et al., 1999; 

Almeida et al., 2001). The PPP synthesises NADPH, which is the cofactor 

required by GSH reductase to reduce GSSG back to GSH, and therefore maintain 

the high GSHiGSSG ratio. Astrocytes activated with LPS to produce NO, or 

exposed to hydrogen peroxide, increased the activity of the PPP (Ben-Yoseph et 

al., 1996; Garcia-Nogales et al., 1999), probably by inducing transcription of the 

rate limiting enzyme glucose-6-dehydrogenase (Garcia-Nogales et al., 1999). This 

resulted in the maintenance of GSH levels following 60 hours of incubation with 

LPS (Garcia-Nogales et al., 1999), and increased resistance to the toxicity of 

hydrogen peroxide (Ben-Yoseph et al., 1996). Neurones can also increase the 

activity of the PPP upon exposure to hydrogen peroxide, although only a fraction 

compared to astrocytes (Ben-Yoseph et al., 1996). Consequently, the neurones 

were much more susceptible to hydrogen peroxide mediated cell death.
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Astrocytes unlike neurones also appear to be able to increase glycolysis upon 

exposure to reactive nitrogen species (Bolanos et al., 1994; Almeida et al., 2001). 

The increase in astrocytic glycolysis results in the maintenance of ATP levels 

(Almeida et al., 2001), and therefore probably a variety of biological processes 

such as perhaps the synthesis of GSH.

Astrocytes exposed to NO also increased the rate of GSH efflux (Figure 5.8A) 

and the activity of y-glutamyltranspeptidase (y-GT; Figure 5.9). The increased 

activity of GCL and y-GT, and the increased rate of GSH release observed in 

astrocytes, maybe a co-ordinated response to oxidative stress. Multidrug 

resistance protein 1 (MRPl), the transporter that has been implicated in GSH 

release (Paulusma et al., 1999; Hirrlinger et al., 2001), and GCL/, mRNA levels 

are increased in tandem in hepatoma and colorectal cancer cell lines exposed to 

either NO or superoxide (Yamane et al., 1998; Ikegami et al., 2000), while 

increased GCL and y-GT mRNA levels have been reported in lung epithelial cells 

exposed to superoxide and hydrogen peroxide (Liu et al., 1996). The increased 

extracellular concentration of GSH, coupled with increased y-GT activity should 

generate an increased amount of CysGly, which can be taken up by astrocytes for 

de novo GSH synthesis (Figure 7.1; Dringen et al, 1997b, 1998). Indeed, the 

elevation of GSH levels observed in rat lung epithelial and bovine aortic 

endothelial cells following exposure to superoxide and NO is abolished when y- 

GT is inhibited by acivicin (Kugelman et al., 1994; Moellering et al., 1999). This 

proposed coordinated response by astrocytes might also be important in protecting 

neurones from oxidative stress in vivo and coculture (see below).

As opposed to neurones cultured alone, GSH metabolism can be increased in 

neurones when cocultured with astrocytes. Neuronal GSH levels can be elevated 

when cocultured with astrocytes (Figure 6.3; Sagara et al., 1993; Bolanos et al., 

1996; Dringen et al., 1999a), and has been suggested to be a possible reason why 

neurones cocultured with astrocytes are much less susceptible to ETC dysfunction 

and cell death following exposure to reactive nitrogen or oxygen species 

(Langeveld et al., 1995; Bolanos et ah, 1996; Desagher et al., 1996; Iwata- 

Ichikawa et al., 1999). Indeed, this thesis has shown that the activity of complex
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Figure 7.1. Postulated scheme of GSH metabolism in astrocytes and neurones 
upon oxidative stress
Astrocytes exposed to NO increase Intracellular GSH levels, the rate of GSH 

efflux and the activity of y-GT. The increased rate of GSH efflux and y-GT 

activity may possibly increase the supply of CysGly. CysGly could be taken up by 
astrocytes to help maintain the increased GSH levels, or shuttled to neurones, 

thereby increasing neuronal GSH levels. This may give extra protection to 

neurones at time of oxidative stress. Conversely, depletion of GSH in astrocytes 

(green arrow) results in a decrease in GSH efflux, and possibly the release of a 

factor (X), which increases GCL activity in neurones, and depending on substrate 

availability, GSH levels.
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IV was significantly lower in neurones cocultured with activated astrocytes that 

released very little GSH, compared to neurones cocultured with activated 

astrocytes (Table 6.1). The latter neurones contained approximately twice the 

amount of GSH as the neurones cocultured with the activated astrocytes depleted 

of GSH (Figure 6.3). Neurones cocultured with either astrocytes that release very 

little GSH (Figure 6.3), or astrocytes incubated with acivicin to inhibit y-GT 

(Dringen et al., 1999a), have GSH levels comparable to neurones cultured alone. 

Therefore, these results suggest that the supply of CysGly by astrocytes is 

necessary for de novo neuronal GSH synthesis (Figure 7.1). Furthermore, the 

results from this study also indicate that the increase in neuronal GSH levels upon 

coculture is due to the supply of precursors only, and not also due to a 

concomitant increase in neuronal GCL activity (Figure 6.4).

Therefore the availability of CysGly to neurones upon oxidative stress in 

coculture, and possibly in vivo, could be vital in dictating neuronal susceptibility 

to attack. The increased GSH efflux and y-GT activity observed in astrocytes upon 

exposure to NO (discussed above), may also increase the supply of CysGly to 

neurones in coculture, and possibly in vivo, and therefore provide extra protection 

at times of nitrosative stress (Figure 7.1). Interestingly, GCL activity was 

increased in neurones cocultured with astrocytes that released very little GSH, 

compared to neurones cocultured with untreated astrocytes (Figure 6.4). Since 

GCL activity was also greater in the former neurones than in neurones cultured 

alone, this suggests that the signal to increase enzyme activity is not due to a lack 

of GSH or CysGly in the media, but maybe a messenger released by astrocytes 

{e.g., neurotrophins, cytokines) at times of GSH depletion (Figure 7.1). 

Therefore, if the adjacent astrocytes in vivo are no longer providing CysGly to 

neurones, astrocytes may induce GCL activity in these neurones so that they may 

maintain GSH levels using other sources of cysteine within the brain. Increased 

GSH levels and transcription of GCL mRNA have also been reported in neurones 

cultured in astrocyte-conditioned media upon exposure to hydrogen peroxide 

(Iwata-Ichikawa et al., 1999). Neither induction of GCL expression, nor an 

increase in GSH levels, were observed in neurones cultured in neuronal medium 

upon exposure to hydrogen peroxide, or in neurones cultured in astrocyte-
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conditioned media in the absence of hydrogen peroxide (Iwata-Ichikawa et al.,

1999). This would suggest that molecules in astrocyte-conditioned media other 

than GSH or CysGly could stimulate transcription of GCL in neurones when they 

are exposed to oxidative stress, but not under basal conditions.

The induction of protective mechanisms upon oxidative stress in both cultured 

astrocytes and neurones have all been reported following acute incubations {i.e., 

72 hours or less). It is unclear for how long the induction of these putative 

protective pathways can be maintained. For example, the increased expression of 

GCL in astrocytes upon exposure to NO, and the increased synthesis of GSH, will 

require increased amounts of ATP at a time when the function of the 

mitochondrial ETC is impaired by NO. Indeed, the levels of GCL/, and GCL/ 

mRNA are greater following 9 hours of exposure to NO, compared to 24 hours, 

which may suggest that the cells are unable to maintain increased expression of 

GCL indefinitely. Failure of these mechanisms during chronic exposure to 

oxidative stress, which may occur during the pathogenesis of neurological 

disorders such as Parkinson’s disease, may result in the loss of the putative 

protection provided by astrocytes to neurones, and consequently lead to 

neurodegeneration.

In conclusion, the work presented in this thesis has shown that astrocytes, but not 

neurones cultured alone, can increase the rate of GSH metabolism upon exposure 

to reactive nitrogen species and OHPA, and may contribute to the greater 

resistance of this cell type to oxidative stress. The supply of GSH precursors by 

astrocytes can also increase neuronal GSH levels in coculture. Should the supply 

of neuronal GSH precursors by astrocytes be perturbed, neuronal GCL activity 

can also be increased.
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Suggested Future Work

Future experiments could investigate the molecular mechanisms by which 

astrocytes modulate neuronal GSH metabolism when in coculture. Experiments to 

date have shown that astrocytes exposed to NO can increase the release of GSH, 

and also the activity of y-GT. Northern and western blot analysis of astrocytes 

treated with NO will possibly indicate whether these two events are due to 

increased transcription of the multidrug resistance-1 protein and y-GT activity. In 

theory, the combination of increased GSH efflux and y-GT activity should result 

in an increased extracellular concentration of CysGly. This hypothesis should be 

investigated. Although CysGly is electrochemically active, the HPLC conditions 

used to detect GSH and y-GC cannot be used, since other molecules interfere with 

the CysGly peak. Either the electrochemical potentials used to detect CysGly will 

have to be changed, or the thiol group will be derivitised by monobromobimane, 

and the fluorescence detected following separation by HPLC (Liu et al., 1998; 

Noctor & Foyer, 1998). If extracellular CysGly levels are increased, the utilisation 

of CysGly in the neurone-astrocyte coculture system in the presence of DETA-NO 

should also be investigated. Is the vast majority of CysGly recycled by astrocytes 

in order to maintain the high GSH levels observed during exposure to NO, or do 

the increased levels of CysGly also result in an elevation of neuronal GSH levels, 

compared to neurones cocultured with astrocytes in the absence of DETA-NO?

The increased activity of GCL in neurones cocultured with GSH-depleted 

astrocytes should also be investigated. Despite the increase in GCL activity, GSH 

levels were not elevated, compared to neurones cultured alone which had 2-fold 

lower GCL activity. A lack of substrates in culture media has been postulated to 

be a reason. Therefore, neurones could be incubated with CysGly for a short 

period of time {e.g., 4 hours) to see if neuronal GSH levels were elevated. 

Northern and western blot analysis of these neurones may also indicate whether 

the increase in GCL activity is due to an increase in expression. The identity of the 

putative signal released by astrocytes should also be investigated. Initially 

astrocyte conditioned-media containing the putative molecule could be 

fractionated by centrifugal filters with differing molecular mass cut-offs {e.g., 1,3,
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10 kDa) prior to incubation with neurones, to estimate the size of the molecule 

that increases GCL activity. Immunoprécipitation of particular molecules (e.g., 

nerve growth factor) from astrocyte conditioned-media prior to incubation with 

neurones may also identify the molecule that increases GCL activity. 

Alternatively, neuronal media could be supplemented with a variety of 

prospective molecules to determine which molecule can increase GCL activity. 

The use of agonists and antagonists of neuronal receptors (e.g., the Trk family of 

neurotrophin receptors; neurotransmitter receptors) may also help to identify 

molecules that increase neuronal GCL activity.

Should this putative molecule released from GSH-depleted astrocytes be 

identified, it may be useful in the diagnosis and treatment of Parkinson’s disease 

(PD). The depletion of GSH has been postulated to be an early event in PD and 

precedes the onset of symptoms (Dexter et al., 1994). Therefore, the detection of 

this molecule in cerebrospinal fluid could be used as an early diagnostic marker 

for the onset of the disease. Furthermore, administration of this molecule, in 

combination with cysteine-containing molecules that can cross the blood brain 

barrier (e.g., N-acetylcysteine, monoethyl GSH), to patients with PD may help 

them to maintain or replenish the GSH levels in the surviving cells, and therefore 

possibly preventing/slowing down the progression of the disease.
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0.005%  (w/v) trypsin  (550 un its). C ells w ere cultured in  
80  cm? flasks in  D-valine-based m inim al essen tia l m e­
dium  supplem ented  w ith  10% fetal calf serum  and 2 
mM  glu tam in e for 7 days (m edia changed every 3 
days). D -V aline-based m in im al essen tia l m ed iu m  in ­
h ib its the grow th of fibroblasts, w h ile  a llow ing astro­
cytes to  proliferate (25). T he cells w ere th en  sp lit  and  
th e  m edia  chariged to m in im al essen tia l m edium  ( l -  

va lin e  su b stitu ted  for o-valine) and supplem ented  as 
above. T he astrocytes w ere then  cultured for a further  
7 days u n til confluent.

Determination of GCL Activity in Cultured Astrocytes

A strocytes (14 days after isolation) w ere rem oved  
from flasks w ith  trypsin  and centrifuged at 500^. C ells 
w ere resuspended  in  isolation  m edium  (320 m M  su ­
crose, 10 m M  Tris, 1 mM EDTA (K^ salt), pH  7.4) and  
freeze/thaw ed in liquid nitrogen three tim es. S am ples  
w ere centrifuged a t 3000^ for 5 m in  at 4*C to p e lle t cell 
debris. The su p ernatant w as then  centrifuged through  
a  microcon centrifugal filter device w ith  a 10-kD a m o­
lecu lar m ass cutoff filter a t 12,000^  for 15 m in  a t 4 “C. 
A pproxim ately 70% of th e  liquid  w as forced through  
th e  colum ns. N o w ash  step s are necessary during th e  
procedure. T h is step  rem oves glycine, other am ino ac­
ids, cofactors, and sm all m olecules (e.g., GSH) from  th e  
cell extracts preventing (i) th e  conversion o f y-GC to  
GSH  during th e  course of th e  a ssay  (see reactlori [b]) 
and (il) GSH and other m olecu les Interfering w ith  th e  
assay . An aliquot o f retained protein (1 0 -4 0  ftg pro­
tein) w as m ixed  w ith  assay  buffer (0.1 M Tris-H C l, 0.15  
M KCl, 20 m M  MgClz, 2 mM EDTA (K* sa lt), pH 8.2), 
10 mM  ATP, 10 mM  L-cysteirie, 40 mM L g lu tam ate, 
and 220  p-M acivicin  (total volum e 100 p.1) for 15 m in  at 
3 7 “C. N ote  th a t during optim ization o f th e  assay , 
high er concentrations of cysteine (^ 20  mM) in terfered  
w ith  the assay . To a ssess  th e  specificity of th e  assay, 
th e  sam p les w ere preincubated w ith  5 n M -5  mM  l - , 
buthionine-57?-sulfoxim ine (l -BSO), a specific inhibitor  
o f GCL (26), and 10 mM ATP for 5 m in a t room  tem ­
perature and then  assayed  as above in  th e  presence of  
l -BSO. T he reaction w as stopped by the addition  of 1 
vo l of 15 mM  orthophosphoric acid  and centrifugation  
a t 14 ,000^ for 5 m in . T he y-GC in the su p ern atan t w as  
th en  sep arated  by HPLC as described above.

y-Glutamyltranspeptidase Assay
y-G lutam yltranspeptidase activ ity  w as m easu red  

u sin g  a d iagnostic k it purchased from S igm a D iagn os­
tics. y -G lutam yltranspeptidase catalyzes th e  form a­
tion  o f 5 am ino 2 n itrobenzoate from y-gluteim yl-3-car- 
boxy-4 n itroan ilide at 37“C. Enzym e activ ity  w as  
follow ed a t an  absorbance of 405 run.
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w e r e  s e p a r a t e d  b y  r e v e r s e  p h a s e  H P L C  a n d  d e t e c t e d  e l e c t r o c h e m i  

c a l l y .  E l e c t r o d e  1 w a s  s e t  a t  1 0 0  m V ,  w h i l e  e l e c t r o d e  2  v o l t a g e  w a  

s e q u e n t i a l l y  i n c r e a s e d  b y  5 0  m V  i n c r e m e n t s .  O p t i m a l  y - G C  a m  

G S H  d e t e c t i o n  o c c u r s  w h e n  t h e  v o l t a g e  o f  t h e  d o w n s t r e a m  e l e c t r o d  

i s  + 6 0 0  t o  + 6 5 0  m V .

Protein Determination
Protein concentration o f  sa m p les w as d eterm in ed  b] 

th e m ethod described by L ow ry at al. (27).

Statistical Analysis
D ata  are expressed as m ea n s ±  SE M  w h e r e  n  = 

num ber of independent cell cu ltu re  p rep ara tion s. Lin  
ear regression w as ca lcu lated  u sin g  M icrosoft E xcel.

RESULTS
^Chromatography and Electrochemical Detection

of y-GC
T he thiol group of GSH can be d etected  electrochem  

ically  follow ing HPLC sep aration  u s in g  orthophospho  
ric acid  as th e  m obile p h a se  (21), W e h y p o th es ized  that 
y-GC should be am enable to th e  HPLC con d ition s usee  
for GSH and should a lso  be e lectroch em ica lly  active 
under such conditions. y-GC sta n d a rd s (5 p,M) were 
separated  by reverse^phase H PLC  and  m ea su red  at 
various dow nstream  electrode p o ten tia ls  to ascerta ir  
th e  optim al peurameters for y-GC d etection  (see M ate  
rials and Methods; Fig. 1). y-GC w as electrdch em icall]  
active. The voltam ogram  revea led  a tta in m e n t of a pla  
teau  betw een + 6 0 0  and + 6 5 0  mV. H ow ever, w her  
astrocyte sam ples w ere an a lyzed  (see below ), several 
extra peaks w ere d etected  a t  + 6 5 0  m V  com pared tc 
+ 6 0 0  mV, w hich  obscured d etection  o f  y-GC. Consfr 
quently a  dow nstream  electrode p o ten tia l of + 6 0 0  mV 
w as chosen for optim al y-GC d etection . D etection  ol 
y-GC w as linear betw een  1 and  10 p.M (correlatior  
coefficient, 0.9984).

E lectrochem ical detection o f both y-GC and GSH 
occurred at a potential of + 6 0 0  m V (Fig. 1). H ow ever  
the voltam ogram  of y-GC w as d istin ct from  th a t  ol 
GSH. Furtherm ore, th e  s ig n a l gen erated  by equim olat 
y-GC w as less than  th a t for G SH . A s th e  GSH  and
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y^GC w ere betw een  98 and 99% in  th e  reduced form, 
th is  d ifference in  signal is lik ely  related  to the differ­
ence in electrochem ical properties of th e  two m olecules 
under th e  chrom atographic conditions em ployed. Sep­
aration of y-GC and GSH standards by HPLC is show n  
in  Fig. 2. T he retention  tim e  o f y-GC w as 11.4 m in and  
w as, under th e  conditions em ployed, 30  s  longer than  
GSH (10.9 m in). T he resu lts  above indicate th a t y-GC 
and GSH are d istingu ishab le from each other w hen  
using  reverse p h ase  HPLC w ith  electrochem ical detec­
tion.

GCL Activity in Cultured Astrocytes
The GCL assay  described here h a s been developed  

using  sam p les derived from rat prim ary astrocyte cul­
tures. F ollow ing incubation of astrocyte cell extracts

w ith  th e  assay  reaction m ixture. y-GC cou ld  c lea r ly  b 
detected  (Fig. 3). GCL activ ity  w as ca lcu la ted  b y  m ea  
suring th e  am ount of y-GC sy n th esized  over a  definei 
period of tim e and related  to th e  protein  co n ten t of thi 
sam ple assayed . The activ ity  o f GCL in a stro cy te s  wa; 
estim ated  to be 9.7 ±  1.7 nm ol y-GC sy n th e s iz e d  
m in/m g protein (n  = 9 in d ep en dent ce ll cu ltu re  prep  
arations). T he m ethod w as reproducible; a c t iv ity  of ai 
astrocyte hom ogenate a ssayed  th ree  tim es in  sep ara ti 
reaction m ixtures (e.g.. d ifferent a ssa y  buffer. A TP  
w as 6.1 ±  0.4 nm ol/m in/m g protein.

T he GCL a ssa y  is lin ear  w ith  respect to b oth  p ro te ii 
(10 to  40 p.g o f protein (Fig. 4a)) and  tim e (0 to 20  m ii  
(Fig. 4b)). A ssaying  of 5 p.g of protein  gen era ted  a  sm a l 
y-GC peak  (^ 0 .2  pA); how ever, th is  w a s  found  to  b e  al 
th e  lim it of detection and is  n o t advisab le.

W hen th e  a ssa y  w as perform ed in  th e  p r e se n c e  ol 
L -buthionine-(57^-sulfoxim ine (5 mM) sy n th e s is  oi 
y-GC w as to ta lly  abolished. A strocyte sa m p le s  w ert 
also incubated w ith  a range of l-BSO con cen tra tion s (5
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nM -500 to  obtain  an inhib ition  curve (Fig. 5). T he  
Ki of l-B S O  w a s estim ated  to be approxim ately 100 
fiM. N o y-GC peak w as observed follow ing incubation  
of sam ple w ith  ju s t  ATP alone (no cysteine or g lu ta ­
m ate). Both cyste in e  and cysteinylglycine (derived  
from th e enzym atic degradation o f GSH by y  g lu tam yl 
transpeptidase (y-GT)) w ere found to h ave a shorter  
retention tim e than  y-GC (Fig. 2) and did n ot in terfere  
With the y-GC peak. T he electrode poten tia ls u sed  in  
th is assay do not d etect cystine or G SSG  (oxidized  
glutathione). It sh ou ld  be noted that a  resid u a l G SH  
peak is occeisionally observed follow ing sam p le  prep a­
ration. The am ount of residued GSH w as estim ated  to  
be 0.91 ±  0.1 p.M (n  =  7 ). T his should not affect the  
assay, as th e  Ki o f  GCL for GSH is  8.2 mM  (7). A 
97-100%  {n =  3) recovery of y-GC standard  w as ob­
tained w h en  sam p les w ere spiked, ind icating  th a t  
there w as little  loss o f product follow ing acid extraction  
and precipitation o f protein  prior to loading on to th e  
HPLC colum n. Sp ik ing  also indicated th a t th ere  w as  
no m etabolism  o f  y-GC by enzym es in th e  cell extract 
such as y-GT and y-glutam ylcyclotransferase of th e  
y-glutam yl cycle (5). N ote th at y-GT activ ity  in  th e  
astrocyte sam p les (m easured spectrophotom etrically) 
w as com pletely abolished  w ith in  1 m in  w h en  treated  
w ith  th e  acivicin  concentration u sed  in th e  GCL assay.

DISCUSSION

In the p resent stu d y  w e  h a v e  reported  th a t  7 -GC i 
electrochem ically active. T his h a s en ab led  u s  to  dt 
velop a GCL a ssa y  based  on th e  e lec troch em ica l detec 
tion of y-GC syn th esized  in  th e  a ssa y . S ep a ra tio n  t 
synthesized  y-GC is  ach ieved  by rev erse  p h a se  HPLC 
T his assay appears specific a s  y-GC sy n th e s is  w a s  tc 
ta lly  abolished in  th e  p resen ce  o f L -b u th ion in e-(57^ 
sulfoxim ine. T his rapid, con ven ien t, an d  se n s it iv e  as 
say  allows GCL activ ity  to b e  m eeisured in  culturei 
cells such as astrocytes. F u rtherm ore, th e  electroch em  
ical conditions used , once estab lish ed , r e su lt  in  h ig h !  
reproducible resu lts.

T his assay estim ated  th a t GCL a ctiv ity  in  culture» 
rat astrocytes w as 9.7 ± 1 . 7  n m ol y-G C sy n th esized  
m in/m g protein. T he activ ity  o f GCL in  ch ick  a strocy te  
has been reported to be 2 .8  ±  0 .5 n m o l y-G C sy n th e  
sized/m in/m g protein (22). H ow ever, w id e  ra n g es 0 
GSH levels have b een  reported  in  a stro cy tes. Indeed  
variability of GSH leve ls  in  both  a n im a ls  a n d  p r im a r  
cell cultures h a s been observed  b etw een  b a tch es  (28 
30). Furthermore. GCL a ctiv ity  h a s  a lso  b een  sh o w n  ti 
be sensitive to low  leve ls  of s tr e ss  (4, 11). In  v ie w  0 
potential variability , w e  recom m end th a t  for each  cel 
culture preparation, lin earity  o f th e  a ssa y  a g a in s t  pro 
tein , tim e, and l-B S O  se n s itiv ity  sh ou ld  b e  deter  
m ined.

Chick GCL activ ity  w a s  e stim a ted  by m easuring  
Jthe activity of a  coupled enzym e, y  g lu tam ylcycio  
transfereise (31) (reaction [c], route 2). T h e  coupler 
enzym e zissay m easu res th e  production of *^C-la 
beled 5-oxo-proline from  labeled  g lu ta m a te  in  th e  p res  
ence of am m ob u ^ rate  (in stead  o f cy ste in e ) an d  ai 
excess of y -g lu tam ylcyclotrahsferase. U nfortunately  
y-glutam ylcyclotransferase is  n o t com m ercia lly  avail 
able and Is therefore le s s  con ven ien t th a n  th e  assay

ioo
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described here and a lso  prevented  u s from m aking a 
direct comparison.

GCL 2 
L-Cys + l -G1u  >■ y-G C —> 5-oxpproline + L-Cys

j l
GSH

Ic]

T he l-BSO inhib ition  curve in  F ig. 5 estim ates th at  
th e  ATi of GCL for l-BSO is  approxim ately 100 pM. This 
com pares favorably w ith  previous inhib ition  stu d ies of 
m am m alian  GCL. Cloned hum an GCL show s a  50% 
loss o f activ ity  w hen  preincubated  w ith  50 p.M l-BSO  
for 5 m in (32). GCL activ ity  in  th is  case  w as m easured  
by th e  w idely  u sed  spectrophotom etric m ethod de­
scribed by S ee lig  and M eister (16).

Increased transcription of e ith er  one or both sub­
u n its of GCL h a s been  reported fo llow ing a variety  of 
stim u li (e.g.. oxidative stress, G SH  depleting agents, 
transition  m eta ls  (4, 10, 12, 13)). T h is assay  w ill com­
plem ent such  expression  stu d ies  by determ ining  
w hether changes in  transcription  resu lts in  altered  
enzym e activ ity  in  th e  cytosol. Furtherm ore, loss of 
GSH h as a lso  been reported in  agein g  and severa l 
d iseases such  as P arkinson’s  d isea se  (14. 15). This 
m ethod w ill be usefu l in  ascertaining w hether alterations 
in  GCL activity are associated w ith  such disorders.
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Abctiact
Cultured rat and human astrocytes and rat neurones were 
shown to release reduced glutathione (GSH). In adcfition, GSH 
oxidation was retarded by the concorhitant release of a factor 
from the ceNs. One possitrility Is that this factor is extracellular 
superoxide dismutase (SOD). In support of this, the factor was 
found to bind heparfn, have a molecular mass estimated to be 
between 50 and 100 kOa, and CuZn-type SOD protein and 
cyanide sensitive enzyme activity were demonstrated in 
the ceO-condlfioned medium. In addition, supplementation of 
native medium with exogenous CuZrvtype SOD suppressed

GSH oxidation. We propose tfiat preservation of released 
GSH is esserMal to allow for maximal up-regulatlcn of GSH 
metabolism in neurones. Furttrermore, cytokine stimulation of 
astrocytes increased release of the extracellular SOD, and 
enhanced stability of GSH. This may be a protective strategy 
occurring in vfvo under cbncWons of oxidative stress, and 
suggests that SOD mimetlcs may Ire of tfrerapeutic use. 
Keywords: anVoxMante. brain, cel culture, neuroprotectiva 
factor, oxidative stress.
J. Neurochem. (2002) 83, 964-991.

W i t h i n  A e  b r a in ,  r e d u c e d  g h i ta t f a im ie  ( G S H )  a v a i la b i l i t y  

a p p e a r s  t o  p l a y  a  k e y  f o k  w i t h  r e g a r d s  t o  « l i r w i n g  c d h i l a r  

s u s c e p t i t » l i ty  t o  o x i d a t i v e  s t r e s s  ( H e a l e s  eta l. 1 9 9 5 ;  

B a d r e r  etal. 1 9 9 6 ) .  F u i l h e i i n u i e ,  t h e r e  i s  e v i d e n c e  d u t  

i n  n e u r o d e g e n e r a t i v e  d i s o r d e r s  s u d i  a s  P a r k i n a o n ’s  d i s e a s e ,  

l o s s  o f  b r a in  G S H  m a y  b e  a n  e a r t y  e v e n t  i n  t h e  s e q u e n c e  

o f  . e v e n t s  d r a t  l e a d  t o  . d i s n q r t i o n  o f  c e l l u l a r  m ^ a b o U s m ,  

p o s s i b ly  a t  d i e  l e v e l  o f  d i e  m i t o c h o o d r i a n ,  a n d  u t t i n u t e t y  

n e u r o n a l  c e l l  d e a t h  ( S d i a p i r a  et al. 1 9 9 0 ;  J o i n e r  et al. 
1 9 9 2 ) .

W h e n  c o - c u h u r e d  w i t h  a s t r o c y t e s ,  t h e  n e u r o n a l  in t r a c e l ­

l u l a r  G S H  c a n c e n t r a t k m  i s  r r g r e r te d  t o  s i g n i f i c a n d y  i n c r e a s e  

d u e  t o  t h e  r e l e a s e  o f  G S H  a i i d  G S H  { n e c u r s o r s  f r r a n  t h e  

a s t r o c y te s .  ( B o l a n o s  et al. 1 9 9 6 ;  D r in g e n  el al. 1 9 9 9 ) .  

F u r d m m o r c ,  g b '« i c e l l s  h a v e  b e e n  i q i o r t e d  t o  l e a d  t o  a n  

i n c r e a s e d  e x p r e s s i o n  o f  n e u r o n a l  y - g l u t a m y l c y s t e m e  s y n t h e ­

t a s e  ( I w ^ I c h i k a w a  el al. 1 9 9 9 ) .  S u c h  s t u d i e s  s u g g e s t  d i a t  

m e ta b o l i c  in t c r a c t i r m s  o c c u r  b e t w e e n  a s t r o c y t e s  a n d  n e u -  

n m e s  l e a d in g  t o  a n  i q w e g u l a d m i  o f  n e u r o n a l  i n t r a c e l lu la r  

G S H  s t a tu s ,  a n d  d i n s  p r o v i d e  a n  e x p l a n a t i o n  f o r  t h e  q i p a r e n t

d i m in i s h e d  s e n s i t i v i t y  o f  n e u r o n e s  t o w a r d s  o x i d a t i v e  s t r e s s  

u n d e r  c o - c u l t u r e  c o n d r t i o n a  ( S t e w a r t  et al. 1 9 9 8 ) .

T h e  r e l e a s e  o f  G S H ,  b y  a s t r o c y t e s ,  h a s  b e e n  r e p o r t e d  a n d  

i s  s u g g e s t e d  t o  p l a y  a n  i m p m t a n t  r o l e  i n  m a i n t a i n i n g  a n d  

e n h a n c i n g  n e u r o n a l  G S H  s t a t u s  ( Y u d k o f f  et al. 1 9 9 0 ;  S a g a r a  

et al. 1 9 9 6 ;  D r i n g e n  et al. 1 9 9 9 ;  W a n g  a n d  C y n a d e r  2 0 0 0 ) .  

W h i l s t  t h e  e x a c t  m e c h a n i s m  w h e r e b y  G S H  i s  r e l e a s e d  f i o m  

a s t r o c y t e s  i s  n o t  k n o w n ,  e f f l u x  i s  r e p u t e d  t o  b e  c a r r i e r  

m e d i a t e d  a n d  i o n  i n d e p e n d e n t  ( S a g a r a  et al. 1 9 9 6 ) .  R e c m d y ,  

u n d e r  c r m d i t i o n s  o f  o x i d a t i v e  s t r e s s ,  t h e  m u l t i d r u g  t r a n s p o r -  

tBT p r o t e i n ,  M R P  1 , h a s  b e e n  s h o w n  t o  b e  r e s p o n s i b l e  f o r  t h e

R ece ived  Ju n e  2 6 , 2002; re v ise d  m u u s c x ^  receiv ed  A u g u s t 2 9 , 2 0 0 2 ; 
accep ted  S q tte m lre r  9 , 2002 .
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Releaae o f OSH and SOD by biam oelb MS

e f f lu x  o f  o x i d i z e d  g l u t a t h i o i e  ( G S S G )  f i to tn  a s t r o c y t e s  

(H iz r l i n g e r  et al. 2 0 0 1 ) .  W h i t e r ,  M R P  1 , u n d «  n o n n a l  

c o o d i d o o s ,  i s  r e s p o n s ib l e  fi>r G S H  r e l e a s e  r e m a i n s  t o  b e  

d e m o n s t r a te d .

A  n u m b e r  o f  m e c h a n i s m s  h a v e  b e e n  p r o p o s e d  v t e r e b y  

r e le a s e d  G S H  i s  u t i l i z e d  hy n e u r o n e s .  T h u s ,  D r in g e n  et al. 
( 1 9 9 9 )  h a v e  i m p o s e d  t h a t  t h e  e c t o e n z y m e  y g l u t a m y l t r a n s *  

p q > t id a s e  i i t i l i jM  G S H  t o  g e n e r a t e  c y s t e i n y l - g l y c in e  w h i c h  i s  

u t i l i z e d  b y  n e u r o n e s  a s  t h e  l a e c u r s o r  f o r  G S H  ^ t h e s i s  

w h i l s t  W a n g  a n d  C y n a d e r  ( 2 0 0 0 )  s u g g e s t  t h a t  G S H  i s  u s e d  t o  

r e d u c e  c y s t i n e  t o  c y s t e i n e  w h i c h  i s  d i e n  u s e d  f i r  n e u r tm a l  

G S H  s y n t h e s i s .  W h e d i e r  o n e  o r  b o d :  o f  t h e s e  m e c h a n i s m s  

p r e d r a n i n a t e  in vivo i s  n o t  y e t  c l e a r .  H o w e v e i ;  d i e y  b o t h  

r e q u i r e  d i e  r e l e a s e d  G S H  t o  r e m a i n  i n  d i e  r e d u c e d  s ta te .

E x t r a c e l l u l a r  f l u i d  a n d  c e l l  c u l t u r e  m e d i u m  c a n  b e  a  

p o t e n t i a l  s o u r c e  o f  o x i d i z i n g  s p e c ie s ,  e  g .  g l u c o s e  c a n  

a u t o o x i d i z e  t o  y i d d  s i q ie r o x i d e  ( O ^ )  ( W o l f f  a n d  D e a n  

1 9 8 7 ) .  G S H  w ü l  r e a c t  f lw o u r a b l y  w i d i  O J -  t o  y i e l d ,  v i a  a  

s e r ie s  o f  r e a c t i o n s ,  G S S G  a n d  f u r th e r  O J*  ( W in t e r b o u m  a n d  

M e t o d i e w a  1 9 9 5 ) .  T h u s ,  u n l e s s  O J*  i s  r e m o v e d  f i m n  t h e  

s y s t e m ,  a n  a u t o c a t a l y t ic  d e g r a d d i o n  o f  G S H  w f l l  e n s u e .

S u p e r o x i d e  d i s m u t a s e  ( S O D )  h a s  b e e n  d e m o n s t r a t e d  i n  

« d r a c e U u la r  f l u i d s  ( M a r fc lu n d  1 9 8 2 ) .  A l t h o u g h  d i i s  e n z y m e  

c c m ta in s  C u  a n d  Z n ,  i t  i s  d i s t i n c t  f i o m  C u Z n  S O D  ( t y p e  I )  

( M a r fc lu n d  1 9 8 2 )  a n d  i s  I m o w n  a s  e x t r a c e l l u l a r  S O D  

( E c S O D ,  t y p e  Œ ) .  E c S O D  i s  p r o d u c e d  b y  a n u r h b e r  o f  c e D  

t y p e s  i n c l u d i n g  g l i a  ( M a r fc lu n d  1 9 9 0 ) .  T h u s ,  i t  i s  p o s s i b l e  

f l i a t  E c S O D  a n d  o f l i e r  ‘g u a r d ia n *  m c d e c u le s  a r e  a l s o  r e le a s e d  

b y  g l i a l  c e l l s  i n  o r d e r  t o  p r o t e c t  G S H  f i o m  o x i d a t i o n ,  i .e .  i n  

o r d e r  t o  m a x i m i z e  a v a i la b i l i t y  fix r u p - r e g n l a t i o o  o f  n e u r o n a l  

G S H  s t a tu s .

f i t  t h i s  s t u d y ,  w e  h a v e  f i i r t i i e r  c h a r a c t e r i z e d  d i e  r e l e a s e  o f  

G S H  f i o m  a s t r o c y t e s  a n d  n e u r o n e s ,  a n d  a d d i t i o n a l l y  d o n *  

o n s t r a t e d  t i i a t  G S H  o x i d a t i o n  i s  r e t a r d e d  i n  c d l - c m i d i t i o n e d  

m e d i u m .  E v i d e n c e  i s  p r o v i d e d  t o  s u g g e s t  d i a t  | s o t e c t i o n  i s  

a f f l x d e d ,  a t  l e a s t  i n  p a r t ,  b y  a  C u Z n  t y p e  S O D

Matnrlala and methods

M a te r ia l s

C e ll c u l tu re  r e a g e n ts  mod p la s tic s  w e re  p u rc h a s e d  f io m  L ife  

T e d m o lo g ie s  ( R e n f ie w d n re ,  U K ), h t t e t f b o n - y  (E FN -y) (r a t ,  re c tu u - 

in n a n t)  w a s  f io m  C M  B io sc ie n c e s  (N o ttin g h a m , U K ) . C u Z o S O D  

E L IS A  k i t  w a s  o b ta in e d  f im n  B e n d e r  M e d S y s te m s  (V ie n n a , 

A u s tria ) . O a n tt ic o n  c e n tr ifu g a l f i l te r  d e v ic e s  w e re  o b ta in e d  f io m  

M Q lqxrre (W a tfin d , U K ) . H e p a t in -s e p h a io s e  n V i O  a ff ird ty  c o lu m n s  

w e re  {M ovided b y  A m e rs h a m  P h a rm a c ia  B io te c h  (U p p sa la , 

S w ed e n ). A l l  o th e r  c h e m ic a ls  w e re  p u rc h a s e d  f io m  S ig m a  C h e m ic a l 

C o . (P o o le , U K ) .

C eH  c u l t u r e

P rim a ry  c o r tic a l  r a t  a s tro c y te s  w e re  p re p a re d  f io m  n e o n a ta l  W is ta r  

ra ts  ( 1 - 2  d a y s  o ld )  a s  p re v io u s ly  d e s c r ib e d  (S te w a r t  et al. 2 0 0 0 ). 

A s tro c y te s  w e r e  c u ltu re d  f o r  7  d a y s  in  o -v a lin f rb a s e d  m in im a l

e s s e n tia l  m e d iu m  (M E M ), s\q> |dB iiieu leJ w i th  1 0 K ( v /v ) f t t a lb o v i r m  

s e ru m  (F B S )  a n d  2  m u  g lu ta m in e , f id lo w e d  b y  7  d a y s  i n  i/>valine- 

b a a e d  M E M . P rim a ry  f ix e b ta in  tm u ro n a l c u l tu re s  w e re  p r q u u e d  

f io m  fin a l W is ta r  ra ts  (d a y  17  g e s ta tk m ) a s  d e s c r ib e d  b y  A lm e id a  

et aL (2 0 0 1 ) . C eD s w e re  p la te d  a t a  d e n s i ty  o f  2 .5  x  10* c e lls /c m ^  in  

D u lb e o c o ’s  m o d if ie d  E a g le ’s  m e d iu m  (D M E M ) s iq rp le m e n te d  w ith  

1 0 %  F B S  o n to  s ix -w e ll p la te s  p re v io u s ly  c o a te d  w i th  p o ly o m rfit in e  

(0 .0 1 % ) . F o r i y - e i ^  h o u rs  a f te r  p l a t i n g  th e  m e d iu m  w a s  r q t la c e d  

w ith  D M E M  s tq tp le m e n te d  w i th  5 %  h o rs e  s e ru m  a n d  2  m u  

g h ita m m e . C y to s in e  a ra b râ o fû ra n o a id e  ( 1 0  p a r)  w a s  a d d e d  to  

p re v e n t  n o H ie u r o iu d  p ro H fera tia o . I h td e r  th e s e  c u ltu re  c o ru litio n s , 

im m u n o c y to c h e m is try  i i r ip g  n e u r r ^ la m e n t  a n tib o d y  c o n f irm e d  th e  

n e u ro n a l c e l l  p o p u la tio n  to  b e  >  8 5 %  rm u ro n a l a n d  a s tro c y te  

c u ltu te a  sh o w e d  9 0 - 9 5 %  h n m u n o p o s iü v ity  a g a in s t  g f ia l  f ib r illa ry  

a c id ic  p ro te in  ( I h b e m e ro  etal. 1 9 9 3 ). T h e  h u m a n  a s tro c y to m a  

c e ll  l in e  1321 N 1  w a s  p ro v id e d  fay th e  E u n q w a n  C o U ec tio o  o f  

A rrim a i C e ll C u h u re s  (E C A C C  N o :  8 6 0 3 0 4 2 ) , a n d  c u l tu re d  in  

D M E M  c o n ta in m g  1 0 %  F B S  a n d  2  n m  g lu ta m h m . A l l  c e lls  w e re  

izK u b a ted  sS 3 7 * C  i n  a  h u o a id ified  a tn m s p h e re  o o n ta in tn g  5 %  C O j  

a n d  9 5 %  O ) .

N e u io iu  w e re  u s e d  a t  d a y s  1 0  in vitro. C o n f lu e n t m o n o la y e rs  o f  
h u m a n  a s tro c y to m a  ccU s w e re  try p s m iz e d  a n d  se e d e d  o n to  s ix -w e ll 

p la te s  a t  a  d e n s i ty  o f  1 .1  x  10* o e lls /c m ^  S im ila rly , a t  d a y  13 

ta  vitro, p r i r tu ty  r a t  a s tro c y te s  w e re  se e d e d  o tt to  s ix -w e ll  p la te s  
a t  a  d e n s i ty  o f  1 .1  x  10*  ce lls /cm * . S o m e  ra t  a s tro c y te  w e lls  w e re  
«Hmrnlahwl w ith  IF N -y  (1 0 0  U fiu L ) +  L P S  (1 p g A n L ) o r  IF N -y  

(5 0 0  U /m L ) +  L P S  (1 p ^ n L )  firr  tq i to  7 2  h ,  w i th  «««dtiini 

c o n ta in in g  f ie s h  IF N -y  + L P S  rq r le r r is h e d  e v e ry  2 4  h  t o  e n s u re  
o p t in u l  «HimMtmikm P r io r  t o  s ta r t in g  e x p e rim en t s  u s in g  m in im al 

m«wlhm» c e ll  c u ltu re  m e d iu m  w a s  re m o v e d  a n d  th e  c e l ls  w i s h e d  

th re e  t im e s  w id i  jdM M phate-bnCGsed sa lin e  (P B S )  to  re m o v e  aU f ia c e  

o f  se ru n K c o n ta m m g  tn e if iu m  a n d /IF N -y  +  L P S .

A s  a  m e a su re  tii c e l l  v ia b ility , la c ta te  d e h y d ro g e n a s e  (T D H ; E C  
1 .1 .1 .2 7 )  a c t iv i ty  w a s  d e te rm in e d  a s  d e sc rib e d  b y  V assa rrit (1 9 8 3 ) . 

R e le a s e  o f  L D H  w a s  u s e d  a s  a n  in d e x  at c e ll  d e a th  (K o h  a n d  C h o i 

1 9 8 7 ). fir firis  s tn d y , rx m e  o f  th e  tre a tm e n ts  c a u s e d  a n y  in c re a s e  in  

L D H  le a k a g e  c o m p a re d  w id i  c o n tro ls .

P r e p a r a t i o n  o f  c o n d i t i o n e d  m e d i i rm

M e d iu m  w a s  re m o v e d  a n d  re p la c e d  w i th  m in im a l m e d iu m  (4 4  mM 

N a H C O s , 1 1 0  m M  N a C l.  1 .8  ruM C aC l&  5 .4  rm a  K C l, 0 .8  m w  

h ^ S O ^ ,  0 .9 2  ruM N a H z P 0 4 ,  5  u im  g lu c o se , a d ju s te d  to  p H  7 .4  

w ith  C O 2)  (D rin g e n  etal. 1 9 9 7 ). M in im a l m e d iu m  w a s  th e n  

in c u b a te d  w ith  p r im a ry  r a t  a s tro c y te s  (d e n s ity ;  1 x  10* ce lls /m L ), 

h u m a n  a s tro c y to m a  c e lls  (d e n s ity ; 1 x  10*  ceU sA nL ) o r  p rim a ry  ta t  

n e u ro n e s  ( d m s i ty ;  2 .5  x  10* o r i ls /m L )  f i x  4  h .

G S H  e f f lu x

F o r  t h e  m e a su re m e n t o f  O S H  efifhix, th e  c e ll  c u l tu re  m e d m m  w a s  
re p la c e d  h y  minimal m e d iu m  (t =  0 h )  a s  d e s c r ib e d  a b o v e . A t  s e t 

tim e  p o in ts  ( 0 .2 5 - 4  h ) , tire  e x p e r im e n t w a s  te rm in a te d  b y  re m o v a l 
o f  d ie  m e d iu m . T h is  w a s  f io z e n  im m e d ia te ly , b y  im m c R H m  in  liq u id  

n itro g e n , a n d  s t tn e d  a t  -80"C fo r  G S H  a n a ly sis .

G S H  s tW ilfity  e z p e r im e n t s

G S H  w a s  a d d e d  (f in a l c o n c e n tra tia n ;  5  o r  2 0  prr) to minimal 
m e d iu m  a t c o n d it io n e d  minimal medium a n d  in c u b a te d  a t  3 7 * C  in  a  

h u n rid if ie d  a tm o sp h e re  « m ta in in g  5 %  C O 2 a n d  9 5 %  0% A t  s e t  t im e
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p o in ts  ( 1 9  t o  5  hX  11» G S H  c a n o e n tn t i a a  m *  d e te n H în e d  Iq r H n X ! .  

F o r  & 0 S* s tu d ie s  m iliw n g  c o o d h io n e d  m e d iu m , d i e  G S H  c o n c e o r 

ts s tk m  a r is in g  f ro m  O S H  efflu x  w a s  d e te rm in e d  a n d

su b tra c te d  fro m  tb e  f in a l  d e te rm in e d  G S H  c o n c e n tra tio n , b i  so m e  

e x p e rim e n ts  w ith  c o n d it io n e d  m e d ia , th e  C n Z m -^ p e  S O D  in h ib ito rs  

s o d iu m  c y a n id e  (1 5  mu) o r  so d iu m  a z ld e  (1 5  rnsO  w e re  a d d e d  

4 5  m m  p r io r  t o  a d d it io n  o f  e x o g e n o u s  G S H  ( 2 0  |im X  I n  o th e r  

e q ie r im e n is ,  b o v in e  C u Z n S O D  ( 0 - 3 0  p ^ m L ;  re c o n s ti tu te d  in  c e ll 

c u ltu re  m e d iu m  f io m  ly o ïd ù liz e d  p o w d e r)  w a s  a d d e d  to  n a tiv e  

u n c o n d it io n e d  m irn m a l m e d iu m  a n d  th e  s tab iliQ f o f  e x o g e n o u s  O S H  

(2 0  p m ) w a s  d ie o  m o n ito re d  o v e r  a  5 -h  p e r io d . G S S G  (5  o r  2 0  p m ) 
w a s  a ls o  a d d e d  to  a s tro c y te  c o n d it io n e d  m e d iu m  a n d  G S H  

f im n a t ia n  m o n ito re d  f o r  u p  to  5  k  Fu rth e rm o r e^ in  v ie w  of A e  

p o ssib iH ty  th a t  G S S G  c o n v e rs io n  to  G S H  c a n  o n ly  o c c u r  in  th e  

p re s e n c e  o f  c d l s ,  G S S G  (5  o r  2 0  p m ) w a s  alAo a d d e d  to  t h e  n rin im al 

m e d iu m  b a th in g  d i e  a s tro c y te s . G S H  f iu m a tk n  w a s  a g a in  m o n ito re d  

f i ir  iq » to  5  h .

C o n d it io o c d  m w tm m  w a s  a ls o  c e n tr if i ig e d  f i r r o u ^  f i l te rs  w ifii 

v a ry in g  m o le c u la r  m a s s  cn t-o ffli (1 0 - 1 0 0  k D a  n o m in a l  m o le c u la r  

m a s s  l im it)  i n  a c c o rd a n c e  w id i  d ie  m a n u & c tu re is  (C e n tr io o n  

C e n tr if iig a l D e v ic e s , M illip o ie^  W a tfix d , U K )  in s tru c d o o s . T h e  
s ta b ility  o f  e x o g e n o u s  G S H  (2 0  pM ) w a s  th e n  d e te rm in e d  in  d ie  

f i l te re d  m e d ia .

G S H  a n a ly s i s

G S H  w a s  a n a ly se d  u s in g  re v e rs e  p h a s e  H P L C  c o iq d e d  t o  a n  
e le c tro c h e m ic a l d e te c to r  a c c o rd in g  to  th e  m e th o d  o f  R ie d e re r  et oL 
(19@9X F o r  G S H  a n a ly s is , s a m p le s  w e re  th a w e d  a n d  m ix e d  1 : 1 

w ith  15 r m r  o rd m p h o s ;d io ric  a d d .  F o llo w in g  « " id n g  a n d  c e n trifii-  

g a tio n  (1 5  0 0 0  g, 5  m tn X  2 0  p L  o f  s rq ie m a ta n t w a s  n g e c te d  o n to  
A e  H P L C  c d u m n .

h i  o rd e r  to  d e te rm in e  w h e d ie r  a n y  g h ita d iio n e  (G S S G )

w a s  p re s e n t  m  th e  c e l l  c u l tu re  m e d h n n , g lu ta th io n e  re d u c ta s e  (E C  

1 .6 .4 .2 ; b o v in e  in te s t in a l  m u c o s a )  (1 U )  a n d  8 0  pM  N A D M I w e re  

a d d e d  to  s o m e  o f  d ie  c o lle c te d  m e d ia . F o llo w in g  a n  in c u b a lio n  Sat 
10 m itt a t  3 7 ° Q  IS  ruM o id m p h o ^ h o r i c  a c id  w a s  a d d e d  (1 : 1 ) a n d  

A e  sarrq ile  tre a te d  a s  f irr  G S H  d e te rm in a tio n . U n d e r  su c h  c o n d it ia i is  

th e  to ta l g h rta th io n e  c o n c e n tra tio n  is  d e te rm in e d .

S O D  a c t M t y  rm say

N a tiv e  tm n iim l  m e d iu m  a n d  c o n d it io n e d  m e d iu m  w e re  c e n tr if iig e d  

d i r a u ^  a  f i l te r  w iA  a  n o m in a l  m o le c u la r  m a s s  l im it  o f  1 0  IcDa. A n y  

re ta in e d  m a te r ia l  w a s  re s u s p e n d e d  in  p h o s fA a te  bu fflw  (SO mM, 
p H  7 .8 )  a n d  S O D  a c tiv ity  d e lm m in e d  a s  d e s c r ib e d  p r e v io u s ^  

(H a rg re a v e s  et al. 19W X  P ro te in  c o n c e n tra t io n  w a s  d e te rm in e d  b y  

A e  m e A o d  o f  L o w ry  et oL (1951X

C u Z n S O D  E L I S A

A n  E L IS A  w a s  u s e d  f i n  t h e  q u a n ti ta t iv e  d e te c t io n  o f C u Z n S O D  m  

c e l l  c u l tu re  m e d ia  a n d  c e l l  h o m o g m a te s .  T h is  E L B A  sh o w e d  n o  

d e te c ta b le  c ro s s -re a c tiv ity  f i n  M n S O D  a c c o rd in g  t o  d ie  m a m i& c - 

t u i w  (B e n d e r  M ed S y s tem sX  T h e  d e te c tio n  l im i t  o f  A e  a s s t y  w a s

0 .0 7  n g /m L .

H e p a r in  a f f in i ty  c o lu m n s

h i  o rd e r  to  d if fe re n tia te  b e tw e e n  C u Z n S O D  a n d  E c S O D , sa m p le s  o f  

c o n d it io n e d  m e d iu m  w e re  c o n c e n tra te d  u s in g  th e  C e n tr ic o n  d e v ic e s  

a n d  A e n  a p p l ie d  to  a  h e p a r in -s e p h a ro s e  a f f in ity  c o lu m n . E c S O D  h a s

a n  a f f in ity  Sot h e p a r in , w h e r e u  C u Z n S O D  d o e s  n o t  F o llo w in g  th e  

a f f in ity  c h r o m a to g rq ih y , fra c tio n s  w e re  a s s a y e d  Sot C u Z n S O D  

u s in g  th e  E L B A .

S ta t i s t i c a l  a n a ly s i s

R e s u lts  a r e  e x p re s s e d  a s  m e a n  ±  S E M  v a lu e s  Sot d ie  n u m b e r  o f  

in d q ie o d e n t  c e ll  c u h r ir e  p r q u u a tx m s  S ta tis t ic a l  s ig n if i­

c a n c e  f o r  tb e  c o m p a r iso n  o f  tw o  g ro u p s  w a s  e v a lu a te d  u s in g  

S tu d e n t’s  M e a t  h h i l t ip le  c o m p a riso n s  w e re  m a d e  b y  o o e - w q r  

ANOVA A llo w e d  b y  d ie  le a s t  « îgnififtsn t d i f fere n c e  m u ltq i le  r a n g e  

t e s t  I n  a l l  c a se s , p < 0 .0 5  w a s  c o n s id e re d  s ig n if ic a n t

Rosults

R a t  a s t r o c y t e s ,  h u m a n  a s t r o c y to m a  c e l l s  a n d  r a t  n e u r o n e s  a l l  

r e l e a s e  G S H  ( F ig .  IX  T h e  n d  n e u r o n e s  r e l e a s e d  s q g r r o x i-  

m a t e f y  2 S - f o h l  l e s s  G S H  a f t e r  4  h  t h a n  r a t  a s t r o c y t e s .  

F u r t h e r m o r e ,  t h e  r o d e n t  a s t r o c y t e s  r e l e a s e d  a l m o s t  4 0 %  m o r e  

G S H  d r a n  d i e  h u m a n  a s t r o c y t o m a  c e l l s .  G S H  r e l e a s e  w a s  

l i n e a r  o v e r  d i e  t i m e  p e r io d  o f  t h e  s t u d y ,  e .g .  w i t h  r a t  

a s t r o c y t e s  a t  0 .2 5  h  d i e  e x t r a c c f tu la r  G S H  c o n c e n t r a t i o n  w a s

0 . 2 9  ±  0 .0 5  p i t  i n c r e a s i n g  t o  2 . 6  ±  0 . 2 8  p i a  a t  4  h .  D u r i n g  

t h i s  t t m a  c o u r s e ,  t h e  p e r c e n t a g e  o f  t o t a l  g h r t a t h i o n e  p r e s e n t  i n  

d i e  r e d u c e d  f o r m .  L e .  a s  G S H ,  i n c r e a s e d  ( T a b l e  1 ) .  U n d e r  a l l  

t h e  c o o d i t i o o s  e m p l o y e d ,  d i o e  w a s  n o  e i g n i f l c a n t  r e l e a s e ,  b y  

a n y  o f  t h e  c e l l  t y p e s ,  o f  L D H  i n t o  t h e  e x t r a c e l l u l a r  m e d i u m  

( d a t a  n o t  s h o w n ) .

si

A slro s  HA Nauronm

F ig . 1 C o m p a riso n  o f  th e  tevaki o f  G S H  re la a s a d  p a r  m flion  co n *  o v er 

4 h  b y  r a t  a s tro cy tes  (astrosX  h u m a n  a s trocy tom a  c e l s  (HA) a n d  ra t  

n e u r o n e s  (n e u ro n e s ) . D a ta  a m  « p r e s s e d  a s  p u  (m e a n  ± SEM , 

n =  4 ). *p  <  0 .0 5  w tie n  c o m p a re d  wfth ra t  a s tro c y te s ;  **p <  0 .0 5  w h e n  

c o m p a re d  w ith ra t  a n d  h u m an  a s tro c y te s .

Table 1 P ro p o rtio n  o f to ta l g h ita th lone  r e le a s e d  try a s tro cy tes  p re s e n t  

In th e  r e d u c e d  to rn i (G SH )

T im e  (h) %  o f to ta l g lu ta th io n e  a s  G S H

0 .2 5 3 9  ± 2 .5

2 .0 0 5 9 .6  ± 6 .0

4 .0 0 6 7 .0  ±  5.1

D a ta  a r e  e x p r e s s e d  a s  m e a n  ±  SE M  (n  =  3 ) .
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Fig. 2 (a) StabHHy of 5 hm GSH over 5 h in native unconditioned 
medkmt (native) and meiAum previously oondWoned for 4 h by rat 
astrocytes (astro-cond) or rat neurones (neuro-cond). Data are 
expressed as  mean ± SEM, rt =  4. At aN time points (1-5 h), levels of 
GSH was significantly greater In cell-conditioned media tfian In native 
medium (p < 0.05). (b) Stability of 20 pw GSH over 5 h In native 
urxxxtdMoned medium (native) and medium previously conditioned for 
4 h by rat astrocytes (astro-cond). rat neurones (Neuro-cond) or 
human astrocytoma ceNs (HA-cond). Data are expressed as  mean ± 
SEM. n  -  4. At all time points (1-6 h), levels ol GSH was slgnificantty 
greater in cell-conditioned media than in native medium (p < 0.05).

A d d i t i o n  o f  e x o g e n o u s  G S H  ( 5  p w )  t o  n a t iv e  u n c o n d i ­

t i o n e d  m in im a ]  m e d i u m  r e v e a l e d  th a t  t h e  G S H  v e r y  r a p id l y  

d i s a p p e a r e d  f i o m  t h e  m e d i u m  (F ig .  2 a ) .  In  c o n t r a s t ,  b o t h  r a t  

a s t r o c y te -  a n d  n c u r o n e - c o n d i t i t m c d  m e d iu m  s ig n i f i c a n t ly  

r e ta r d e d  th e  r a t e  o f  l o s s  o f  G S H  ( F ig .  2 a ) .  I n  v i e w  o f  t h e  

r a p id  d e c a y  o f  S p M  G S H  f i o m  th e  n a t iv e  m e d iu m ,  a n d  in  

o r d e r  t o  a l l o w  f o r  m o r e  a c c u r a t e  q u a n t i f i c a t io n  in  s u b s e q u e n t  

e x p e r im e n t s ,  a  h i g h e r  G S H  c o n c e n t r a t i o n  ( 2 0  p M ) w a s  

u t i l i z e d .  U s i n g  t h i s  c rm c e n tra tirM i, t h e  t h r e e  t y p e s  o f  c e l l -  

c o n d i t i o n e d  m e d i u m  s u p p r e s s e d  G S H  o x id a t io n  (F ig .  2 b ) .  In  

a l l  c a s e s ,  t h e  l o s s  o f  G S H  c o u ld  b e  a c c o u n te d  f o r  b y  a  

c o r r e s p o n d i n g  i n c r e a s e  i n  G S S G , i .e .  a f te r  5  h  i n c u b a t io n  a n d  

s u b s e q u e n t  t r e a t m e n t  w i t h  g lu t a th io n e  r e d u c t a s e  t h e  G S H  

c o n c e n t r a t i o n  w a s  f o u n d  to  b e  2 1  ±  0 .6  pM . F u r th e r m o r e ,  

a d d i t i o n  o f  G S S G  t o  t i r e  c o n d i t i o n e d  m e d ia  d id  n o t  l e a d  to  

G S H  f o r m a t io n  ( d a t a  n o t  s h o w n ) .  S im i l a r ly  a d d i t i o n  o f  

G S S G  t o  c u l t u r e  m e d i u m  i n  t h e  p r e s e n c e  o f  a s t r o c y t e s  d id  

n o t  l e a d  t o  G S H  f o r m a t io n  ( d a ta  n o t  s h o w n ) .

A d d i t i o n  o f  t h e  C u Z n - t y p e  S O D  i n h ib i to r s  s o d iu m  c y a n i d e  

o r  s o d i u m  a z i d e  ( 1 5  m M ) t o  t h e  a s t r o c y te - c o n d i t i o n e d  

m e d iu m  r e s u l t e d  i n  a  p a r t i a l  lo s s  o f  t h e  a b i h t y  t o  p r o t e c t

Aatro-cond *CN *Aald« Native

Fig. 3 Concentration of GSH remaining In the presence or absence of 
CuZrMype SOD Inhibitors in rat astrocyteH»nditioned medium. The 
initial GSH concentration was 20 pu. Astrocyte-conditioned medium 
was preincubated with 15 mu sodhjm cyanide (+ ON) or sodium azide 
(+ azide) h r  45 min prior to the addition of 20 pu GSH. In parallel 
incubations, 20 pu GSH was added to astrocyte-oonditionud medium 
ahne (astro-cond) or native unconditioned medium (native). Data are 
expressed as pu GSH remaining after S h (mean ± SEM. n = 3). 
*p < 0.05 compared with level In astrocyte-conditioned medium ahne.

G S H  (F ig .  3X  s u g g e s t in g  t h e  p r e s e n c e  o f  C u Z n - t y p e  S O D s  

in  t h e  c r m d i t im ic d  m e d iu m . S iq ip le m c D ta t io n  o f  n a t i v e  ( i c .  

u n c o n d r t i o n e d )  m i n im a l  m e d i u m  w i th  r e c o n s t i tu t e d  b o v i n e  

C u Z n S O D  a t  t h e  le v e l  o f  1 5  a n d  3 0  p g / m L  a l s o  c o n v e y e d  

p r o t e c t io n  to w a r d s  G S H .  H o w e v e r ,  n o  p r o t e c t io n  w a s  

a f f o r d e d  w i th  a  l o w e r  a m o u n t  o f  S O D . T h u s ,  in  t h e  a b s e n c e  

o f  a n y  e x o g e n o u s  S O D ,  o n l y  3 4  ± 3 %  o f  t h e  m i g in a l  2 0  p w  

G S H  c o u ld  b e  a c c o u n t e d  f o r  a f te r  5  h  i n c u b a t io n  i n  n a t iv e  

m e d iu m . I n  c o n t r a s t ,  in  t h e  ( n e s e n c e  o f  15  m d  3 0  p g / m L  

S O D ,  4 3  ±  0 .6 %  a n d  6 2  ±  0 .6 %  o f  t h e  in i t i a l  G S H  c o n c e n ­

t r a t i o n  c o u ld  b e  a c c o u n te d  f i v ,  r e s p e c t iv e ly .

C e n t r i f u g a t io n  o f  a s t r o c y te - c o n d i t i o n e d  m e d iu m  th r o u g h  

f i l te r s  w i t h  m o l e c u l a r  m a s s  c u t - o f i s  o f  b e t w e e n  1 0  a n d  

SO k D a  r e s u l t e d  in  a  lo s s  o f  a b i l i t y  t o  p r o t e c t  e x o g e n o u s  G S H  

f i o m  o x id a t io n  ( F i g  4 ) .  T h i s  s u g g e s t s  t h a t  t h e  f a c to r  

r e s p o n s ib l e  f o r  { m itc c t in g  th e  G S H  a g a in s t  o x i d a t i o n  h a s  a  

m o l e c u l a r  m a s s  g r e a t e r  t f ia n  5 0  k D a .  U s i n g  th e  1 0 0  k D a  c u t ­

o f f  f i l t e r s ,  G S H  s t a b i l i t y  w a s  c o m p a r a b le  t o  u n f i l t e r e d  

c o n d i t im ie d  m e d i u m  (F ig .  4 ) .

A s s e s s m e n t  o f  C u Z n - ty p e  S O D  ( c y a n id e - s e n s i t i v e )  a c t i v ­

i ty  in  t h e  r e s u s p e n d e d  m a te r ia l  r e ta in e d  b y  th e  1 0  k D a  f i l t e r  

r e v e a l e d  d e t e c t a b l e  a c t iv i t y  ( 2 .4  ±  0 .2  u n i t s / m g  p r o t e in ) .  N o  

S O D  a c t iv i t y  c o u l d  b e  d e t e c t e d  i n  n a t i v e  c e l l  c u l t u r e  m e d iu m  

t r e a t e d  in  a n  id e n t i c a l  m a im e r .  F u r th e r m o r e ,  r e s u s p e n s k m  o f  

t h i s  m a te r ia l  i n  n a t i v e  m in im a l  m e d iu m  r e s u l t e d  i n  th e  

m e d iu m  b e h a v in g  a s  c o n d i t i o n e d  m e d iu m ,  i .e .  G S H  o x i d a ­

t io n  w a s  s u p p r e s s e d  ( d a ta  n o t  s h o w n ) .

C u Z n S O D  d e te c t io n  b y  E L I S A  s h o w e d  t h a t  w h i l e  b o th  

c e l l  t y p e s  r e le a s e d  C u Z n S O D ,  a s t r o c y te s  r e le a s e d  a p p r o x i ­

m a t e l y  e ig h t  t i m e s  h i g h e r  l e v e ls  t h a n  n e u r o n e s  ( a s t r o c y te s ;

1 .4 8  ±  0 .2 4 ;  n e u r o n e s :  0 .1 9  ±  0 .0 5  n g / m L  a f te r  4  h  i n c u b a ­

t io n .) .  I n  v i e w  o f  t h e  p o s s i b i l i t y  t h a t  t h e  C u 2 h iS O D  E L I S A  

m a y  n o t  c r o s s - r e a c t  w i th  E c S O D  ( a l s o  a  C u Z n - t y p e  S O D ) ,

© 2002 International Society for Neiirochemistry, J o u n ta /o f  Veunxhemi^ery, 83. 984-991
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P o s t  d t r a t i o n  t h r o o g h  m o i e c n i a r  m a s s  ( k D a )  f H tc r s

Rg. 4 Concentration of GSH remaining after 5 h Incubation of 20 ttu 
GSH wttb rat astrocytacondlUoned medium (unflHered) and condi­
tioned medium that had previously treon filtered through fillers of 
varying molecular mass cut-offs, 'p  < 0.05 compared with unfittered 
conditioned medium (mean ± SEM. n = 3-5).

Total Unbound Bound*otutad

Fig. S Effect ol heparin affinity chromatography on levels of Cu2n- 
type SOD detected in astrocyte-condltioned meditrm. Levels of CuZrv 
type SOD were assayed In astrocyte-conditioned medium (total), 
the fraction which did not bind to the heparin column (unbound), and 
the tiound fraction fbllowlng elution (bound + eluted). Results are 
expressed as ng/mL (mean ± SEM, n =  4). *p < 0.05 compared with 
total (l.e. astrocyte-conditioned medium).

f r a c t i o n s  o f  a s t ro c y te -c o n d it ic M ie d  m o d iu m  w e r e  s u b je c t e d  to  

a f iB n ity  c h r o m a to g r a p h y  u s in g  a  h e p a r i n - s e p h a r o s e  c o lu m n  

a n d  d i c n  a n a ly s e d  u s i n g  th e  E L I S A . U s i n g  t h i s  p r o c e ­

d u r e ,  f r a c t i o n s  o f  a s t r o c y te - c o n d i t i o n c d  m e d i u m  r e m a in in g  

u n b o u n d  w h e n  p a s s e d  th r o u g h  t h e  a f B n i ty  c o lu m n ,  c o n ta in e d  

o n l y  a p p r o x im a te ly  6 %  o f  d ie  l e v e l  o f  C u Z n S O D  d e t e c t e d  in  

t h e  o r ig in a l  f r a c t i o n  (F ig .  S ). I n  c o n t r a s t ,  u p o n  e l u t io n  o f  t h e  

b o u n d  f r a c t io n ,  C u Z n S O D  le v e ls  c o m p a r a b l e  t o  t h a t  o f  th e  

o r ig in a l  f r a c t i tm  w e r e  d e t e c t e d  ( F ig .  5 ) .  T h e s e  r e s u l t s  s u g g e s t  

t h a t  d i e  a s t r o c y te - c o n d i t i o n e d  m e d i u m  c o n t a in s  C u Z n - t y p e  

S O D  w i th  h e p a r i n  a f f in i ty ,  e .g .  E c S O D .

C y to k in e s  h a v e  b e e n  r e p o r t e d  t o  u p - r e g u l a t e  E c S O D  

e x p r e s s io n  ( M a r k lu n d  1 9 9 2 ;  S t r a l i n  a n d  M a r id u n d  2 0 0 0 ) .  

C o n s e q u e n t ly ,  t h e  e f f e c t  o f  I F N - y  + L P S  e x p o s u r e  o n  th e  

l e v e ls  o f  b o t h  i n t r a c e l lu la r  a n d  r e le a s e d  C u Z n - t y p e  S O D  w a s

20

15

10

5
Control astro*

0
0 1 z 3 4 5 6
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Fig 6 StabHty of 20 (im GSH over 5 h in rat astrocyte-oonditioned 
medium. CondWoned medium was prepared from either unstimulated 
astrocytes (control astros) or from astrocytes previously treated from 
24 h with IFN -r (100 UMiL) LPS (1 pg/mL) (+ cytokines). Data 
expressed as mean ± SEM. n =  4. *p < 0.05 when compared with 
corxkUoned medium prepared from control unstimulated rat astro­
cytes

High IFNr
LowlFKr
Control

Time (Hours)

Fig. 7 Stimulation with cytokines for up to 72 h Irrcreased tfie levels 
of CuZn-type SOD released IrSo medium over 4 h. Astrocytes were 
unstimulated (control) or kicubated with IFN-y (100 U/tnL) + IPS 
(1 pg/mL) (low IFN-y), or IFN-y (500 U/mL) + LPS (1 pg/mL) (high 
IFN-tt) fo r2 4 h . 4 8 h o r 7 2 h  prior to determination of CuZnSOD 
release. Results expressed as a percentage relative to the level 
released by control astrocytes at 24 h (Mean ± SEM. n — 4). 
•p < 0.05 compared with control.

a l s o  in v e s t i g a t e d .  M in im a l  m e d i u m  c o n d i t i o n e d  b y  a s t r o c y te s  

f o r  4  h  w a s  p r e p a r e d  f a l l o w i n g  e x p o s u r e  o f  a s t r o c y t e s  to  

I F N - y  ( 1 0 0  U / m L )  +  L P S  (1  p g / m L )  f o r  2 4  h .  C o n d i t i o n e d  

m e d iu m  p r o d u c e d  b y  a s t r o c y t e s  p r e v io u s ly  e x p o s e d  to  

c y t o k i n e s  r e s u l t e d  in  e n h a n c e d  l e v d s  o f  G S H  s t a b i l i t y  

( F ig .  6 ) . E x p o s u r e  o f  a s t r o c y te s  t o  e i t h e r  ( i )  l o w  E F N -y  [ I F N - y  

( 1 0 0  U / m L )  +  L P S  (1  p g / m L ) ]  o r  ( i i )  h ig h  I F N - y  [ I F N - y  

( 5 0 0  U / m L )  +  L P S  (1 p g / m L ) ]  d id  n o t  a l t e r  t h e  l e v e l  o f  

C u Z n - t y p e  S O D  i n  c e l l  h o m o g e n a te s  ( d a ta  n o t  s h o w n ) .  

H o w e v e r  t h i s  e x p o s u r e  d i d  i n c r e a s e  t h e  l e v e l  o f  C u Z n - ty p e  

S O D  r e le a s e d  ( F ig .  7 ) .

Discussion

I n  th i s  s tu d y ,  w e  h a v e  d e m o n s t r a te d  t h a t  b o th  r a t  a n d  h u m a n  

a s t r o g l i a  a n d  r a t  n e u r o n a l  c e l l s  a r e  c a p a b le  o f  r e le a s i n g  G S H

© 2002 Tnlemarional Society f<yc >i&sr<xMem\‘iby, Journal o f  Neurochemistry, 83, 984-991
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via a process that is not sin^fy due to a loss of plasma 
membrane integrity, Le dtere was no evidence o f extracellular 
LMI accumulatian in any o f the experiments perfinned. 
GSH has been shown to be unstable in cell culture medium 
(Long and HaUiwell 2001). In view o f the suscqrtibilily of 
GSH to oxidation in native minimal medium, we were 
surprized to note that over 65% of dre total ghitadiiaae 
released, after 4 h, was present in the reduced form. 
Consequently, GSH oxidatirm in crmditKmed medium was 
monitored. The degradation of GSH in conditianed medium 
was dearly suppressed. Purthcnmore, cmrqwuahle results 
were obtained wiA media conditioned eidter by neurones, 
or by die rodent or human astroglial cells. The rate of 
decay of 5 pM GSH, in native medium qqieared to be 
consideiabfy greater dian for 20 )1m GSH. A likdy mqilan- 
ation fiv this difEaeace is dut die mdo of oxidant(s) in 
die medium, e g. O^ , to GSH will be greater at lower GSH 
concentrations.

One eaqdanation fir  die above tmdmgm is diat condidoned 
medium eemtsinm a fictor cqisble of reducing any generated 
GSSG back to GSH, e.g. glutathione reductaaeL However; 
neidier conditHmed medium nor mmdim jn the presence of 
astrocytes was able to reduce GSSG to GSH. Anodier 
possibility fiv our findings is diat a ûtctoe is released by the 
astrocytes diat removes oxidizmg ^pedes, e.g. EcSCH). 
EcS(M) is released ftmn glial cells and a number of potential 
roles for this cauyme have been proposed, e g. it is suggested 
to be involved in pmdonging die lifbqian of nitric oxide 
(Oury ef al. 1992X and decreasing the producdon of 
peroxynitrite (Huie and Padmqa 1993). However, to our 
knowledge, protecdmi o f rdcased GSH has not been 
crmsideied.

EcSOD displays a strong sequmice homology to CuZn­
SOD, and is itself a CuZn-type SOD (l^almatsaon ef al. 
1987). Until recently the m ly SOD isozyme thought to 
be secreted by glia and fibroblasts was EcSOD, but 
CuZnSOD has also been fimnd to be secreted by some 
human cell lines (Mondola et al. 1996, 1998X Cyanide and 
azide are inhibitors of EcSOD and CuZnSOD, but not 
die manganese containing isofimn of SOD (Marklund 1982). 
These agents diminished die stahili^ of GSH in condi­
tioned medium, suggesting the fimctimial presence of 
EcSOD and/or CuZnSOD. This was fiuther siqiported by 
the determinatkm of cyanide sensitive SOD activity in 
conditkmed medium. Supplementation of native medium 
with exogenous CuZnSOD also limited GSH oxidation. 
WhQst this latter observation suggests diat, if present, CuZn- 
type SOD can protect GSH in the extracellular environmmt, 
it is dear diat relatively large amounts of SOD had to he 
added to convey protection towards GSH In view of diis, it 
is possible diat bovine CuZnSOD is less potent at retarding 
GSH oxidation dian the celtulv &ctm released and/or 
lyrqihilization end reoonstitutian of SOD leads to a loss of 
activity.

The moleculv m«M of die fimtor present in crmditkmed 
medium can, ftom the use of the molecular mass filters, be 
estimated to be between 50 and 100 kDa. Rrtt astrocyte 
conditioned medium was used for diese experiments and die 
reported molecular mass o f rodent EcSOD is between 85 and 
97 kDa (Willems et al. 1993). hi contrast, CuZnSOD is esd- 
mated to be ajqaoximatefy 33 kDa (hfcCord and Fridovich 
1969X

Using a CuZnSOD ELISA, SOD was detected in die 
astrocyte-conditioned coofirmirig that diis cell
type can release SOD. CuZnSOD and EcSOD are often 
desoibed as immunologically distinct (Markhmd 1982X 
Therefive, we were cancemed diat die CuZhSOD ELISA 
used may not cross-ieact widi EcSOD. In contrast to type-I 
SOD, EcSOD has a high hqnrin affinity (Kralssmi and 
Marklund 1987) and so conditkmed medium was subjected 
to affinity chromalDgrqhy through * hqmrin-sqdimose 
column. Fractions that did not bind m die hqmrin afiBnity 
cidumn had very low levels o f CuZn-type SOD according 
to die ELISA enqiloyed. hi contrast, CuZn-type SOD 
levds comparable to diat of the original conditkmed 
medium ftactioo, were detected in fiactkms dm* had been 
bound *nd diea eluted fiurri the heparin afiBnity column. 
These results suggest diat the astroryte-conditkmed 
medium contains a CuZn-type SOD with heparin afiBnity, 
e.g. EcSOD. Therefixe, it qipean diat the CuZnSOD 
ELISA used can, under die ccoditkms enqdoyed, detect 
bodi fiums of SOD.

We have prevkrasty demonstrated in co-culture 
astrocytes provide neurones with GSH precurson, thereby 
rqi-regulating intracellular neuronal GSH levels (Bolanos 
et al. 1996). hi view of the generation of reactive nitrograi 
qpecies, we were initialty arrprized to find that IFN-y/LPS- 
treated astrocytes also iqi-regulate neuronal GSH to a similar 
level (Bolanos et td. 1996). Consequently, we postulated tiiat 
diere maybe a mechanism whereby stimulated astrocytes can 
fiirthcr protect extracellular GSH fiom reactive nitrogen 
species. This qqiears to be tf&e case as, in the current study, 
IFN-y + LPS-treated astrorytes produced conditianed 
medium widi a siqierior ability to dtmteish GSH degradatkm 
EcSOD is reported to be up-regulated by cytokines, inclu­
ding IFN-y, whereas CuZnSOD is unaffected (Marklund 
1992; Stralin and Markhmd 2000X As cytosolic type-I SOD 
would account for the m^ority of cellular CuZn-type SOD, 
diis would ejqdain why the intracellular levels of CuZn-type 
SOD was not afifixted by eytoldne treatment In contrast die 
levd o f CuZn-type SOD rdcased was significandÿ elevated 
by cytcddne exposure over 72 h. Thus, under such crmditkm: 
of nitrosative stress, GSH stability may be maximized by die 
further increase in SOD availahility in die extracellular 
eavinmment

The cultured neuronal preparations utilized in this 
stiidy also qqiear to be capable of releasing GSH and a 
CuZn-type SOD. Howevw, the amount of GSH and SOD
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released by diese cells is markedly less dmn ibat seen wüh 
die astrocyte preparations. Deqiite diis difTerence, die 
neuronal conditioned medium, in terms of poten^, appears 
comparable to that of astrocytes nhen considering the 
protective effect towards added GSH. SiKh a finding could 
suggest diat die anount released ly  neurones is sufficient 
to retard GSH autcnddation and diat astro^tes have a 
reserve dud could become increasingly important under 
certain conditions such as oxidadveAiitrosative stress. Alter­
natively, it is also possible that odier unidentified fiutors are 
released by the neurones that also convey protectkm towards
GSH.

In view of the cyanide/azide smsitivity of this protective 
factor; estimated molecular mass, heparin affinity column 
results, demonstrable SOD activity in cooditkmed medium 
and cytokine sensitivity, our data suggest that astrocytes, and 
possibty neunmes, release a fietor diat has properties 
conqwrable to EcSOD.

In summary, we pnqtose diat astrocytes release GSH, to 
both provide extracellular protection and precursors fiv 
neuronal GSH ^d ie s is . However, GSH is suscqitible to 
oxidation. To prevent diis, astrocytes, and possibly neu­
rones, appear to release protective factors that may include 
extracellular SOD, which enhances GSH stability. Under 
conditions of oxidative stress, the level of SOD released by 
astrocytes is increased, thar*y enhancing GSH stability 
and t^itimizing GSH availdile in the extracellular enviran- 
mcsd. Recently CnZn SOD has been reported to display 
thiol oxidase activity (Winterboum et al. 2002). However, 
under the conditions en^iloyed in our study CuZn SŒ) 
does not appear to be enhancing GSH oxidation. In suppmt 
of this finding, it should be noted that whilst CnZn SOD 
diqilays high oxidase activity for cysteine and cystcamine 
the rate is much lower with GSH (Winterboum a  al. 
2002).

The potential role fin EcSOD in die neurodegenerative 
process is findrer illustrated by the finding diat mice lacking 
EcSOD are more sensitive to hyperoxia and that over- 
eqncssirai o f this enzyme leads to an increased resistance of 
hippocampal neurones to ischaemic damage (Carlsscm et al. 
1995; Sheng et al. 2000). Thus, during conditions of 
chronic oxidative stress e g. Alzhehnor’s disease, Parkin­
son’s disease, there may be a ther^ieutic window of 
opportunity fin treatment with SOD mimetics. Therefore, 
by strengthening the GSH-SOD system during the initial 
phase o f neurod%enerative disease, it may be possible to 
limit the oxidatrve/nitrosative damage associated with these 
diseases.
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I. Historical Background Au: P l e a s e  a d d  ref. l i s t :

'Z  L e i p z i g  1 8 9 0 ,  N a s h  

1 9 6 5 ,  a n d  C l a r k  et o f . .

A lth o u g h  K ô llik er  h a d  d esc r ib e d  g ra n u les  in  stria ted  m u sc le  in  th e  m id - A l s o  p l e a s e  a d d  
,  - ,  1 r e f s ,  f o r  K o l h k e r ;  v /

d ie  n m e te e n th  cen tu ry , it  w as n o t  u n til th e  turn  o f  th e  tw en tie th  C en tu ry  A l t m a n ;  B e n d a -

th a t th e  n a m e  mitochondrion c a m e  in to  use. A ltm an , in  h is  “D ie  E Jem en tar W a r b u r g ;  W i e l a n d - ,

O r g a n ism e n  u n d  ih re  B e z ie h u n g e n  zu  d e n  Z e lle n ” (L eip z ig , 1 8 9 0 ) , sp o k e  o f  Krebs; Keilin &
prim itive  se lf-rep lica tin g  b o d ie s  o r  b iob la sts th a t h e  sta in ed  sp ec ifica lly  a n d  H a r t r e e ;  M e e n e s ;

referred  to  as “e le m e n ta r y  p a r tic le s .” H ow ever, it  w as th e  cy to lo g ist  B e n d a
w h o  in  1 8 9 8  c o in e d  th e  n a m e  mitochondrionixom th e  G reek  for  th read  ( mitos) C h a n c e -  G r e e n -

a n d  g ra in  ( chondros) fro m  h is  stu d ie s  o n  th e  th read -lik e  g ra n u le s  h e  o b se r v e d  M i t c h e l l ;  S l a t e r ;

in  sp erm  a n d  ova. T w o years la ter  M ich aelis , u s in g  a variety o f  d yestu ffs  in - W i l l i a m s  i f  a t  a l l

e lu d in g  J a n u s  G r e e n , d e m o n s tr a te d  th a t th ese  g ra n u les  h ad  o x id o r e d u c t io n  possible o r  n e c e s s a r y .

activ ities.
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2 6  HEALES Ü aL

W e th e n  e n te r  w h a t can  o n ly  b e  d escr ib ed  as th e  g o ld e n  era  o f  th e  
G erm a n  sc h o o l in  w h ic h  th e  lik e s  o f  W arburg, W ie la n d , a n d  m o r e  la ter  
K rebs s tu d ie d  th e  resp ira tio n  zm d m eta b o lism  o f  various ce llu la r  p rep a ra ­
tion s. W arb u rg  in  1 9 1 3  d e sc r ib e d  o x y g en  resp iratory  g ra n u le s  in  liv e r  ce lls  
a n d  W ie la n d  in  19 3 2  p u b lish e d  o n  th e  m e c h a n ism  o f  o x id a t io n . T h e se  stud­
ies  w e r e  c o m p le m e n te d  by th o se  o f  K eilin  a n d  H artree , o n  cy to ch ro m es  
d u r in g  th e  sa m e  p e r io d . H ow ever , th e  im p o r ta n c e  o f  th e s e  p h e n o m e n a  
b o th  in  term s o f  th e ir  c e llu la r  lo c a liz a t io n  to  th e  m ito c h o n d r ia  a n d  th eir  
r e le v a n c e  to  c e llu la r  e n e r g e t ic s  a n d  A TP p r o d u c tio n  w ere  largely  u n a p p r e ­
c ia ted  u n til th e  la te  1930s. In th e  sam e way, it  is in te r e st in g  to  n o t e  th at  
M eev es in  1 9 1 8  s u g g e s te d  th a t  m ito c h o n d r ia  h ave h ered itary  ch a ra cter is­
tics, a  su g g e s t io n  w h ic h  w as la rg e ly  ig n o r e d  u n til th e  co n tro v ers ie s  o f  th e  
m id -1 9 6 0 s  (L e h n in g e r , 1 9 6 5 ).

T h e  a d v e n t o f  th e  e le c tr o n  m ic r o sc o p e  a n d  th e  h ig h -sp eed  refirigerated  
c e n tr ifu g e  d u r in g  th e  1 940s a n d  1 9 5 0 s a llo w ed  a q u a n tu m  lea p  in  o u r  u n ­
d e r s ta n d in g  o f  b o th  th e  stru ctu re  an d  fu n c t io n  o f  m ito ch o n d r ia . T h e  d e ­
v e lo p m e n t  o f  th e  te c h n iq u e  o f  d ifferen tia l c e n tr ifu g a tio n  by C la u d e  an d  
o th e r s  in  th e  1 9 4 0 s  a llo w e d  th e  iso la tio n  o f  relatively  p u r e  p rep a ra tio n s o f  Au: EM spelledout 
m ito c h o n d r ia , p e r m itt in g  d e ta ile d  stu d ies o f  th e  m ain  m e ta b o lic  activ ities  correctly? 
o f  th e se  o r g a n e lle s  in  th e  early 1 9 5 0 ’s by K en n ed y , L eh n in g er , H o g e b o o m ,  
a n d  o th e r s . T h is  w as c o m p le m e n te d  by th e  h ig h -re so lu tio n  e le c tr o n  m i­
cro g ra p h  (E M ) s tu d ie s  by P a la d e  a n d  S jôstran d , thus p ro v id in g  th e  basis  
fo r  a  firm  a n d  a d e ta i le d  u n d e r s ta n d in g  o f  th e  stru ctu re  an d  fu n c t io n  o f  
m ito c h o n d r ia .

F o llo w in g  o n  fr o m  th is p e r io d , th e  n e x t  tw o d e c a d e s  o r  m o r e  w ere  tak en  
u p  w ith  t h e  so m e t im e s  h e a te d  co n tro v ers ie s  re la tin g  to  th e  m e c h a n ism  o f  
th e  p r o c e s s  o f  o x id a t iv e  p h o sp h o r y la tio n . C on tr ib u tors to  th is w ere  m an y  
b u t in c lu d e  B oyer, C h a n c e , G r e e n , M itch ell, Slater, an d  W illiam s, r e su lt in g  
in  a c o n s e n s u s  a t th is  t im e  th a t a lth o u g h  b asica lly  c h e m io sm o t ic  in  n a tu re  
n e v e r th e le ss  h as a sp ec ts  draw n fr o m  th e  o th e r  so -ca lled  c h e m ic a l an d  c o n fo r ­
m a tio n a l th e o r ie s . T h e  m id -1 9 6 0 s  a lso  b r o u g h t  a ren ew a l o f  th e  co n troversy  
o f  w h e th e r  m ito c h o n d r ia  c o n ta in e d  D N A . T h e  w ork  o f  R o o d y n , W ilk ie , and  
W ork (R o o d y n  a n d  W ilk ie , 1 9 68 ) w as cen tra l to  th is, p ro v id in g  th e  e v id e n c e  
th a t th is  w as n o t  d u e  to  b a c ter ia l c o n ta m in a tio n , and  N ass c o n c lu d e d  in  
1965 th a t “D N A  is  an  in teg ra l p a r t o f  m o st a n d  p rob ab ly  all m ito c h o n d r ia .”
T h is  a lso  p r o v id e d  su p p o r t  fo r  th e  c o n c e p t  th at th e  m ito c h o n d r io n  has
ev o lv ed  fr o m  a sy m b io tic  b a c ter iu m  and  h a d  its ow n  cap ab ility  o f  c o d in g  Au: It is unclear to what
fo r  a n d  sy n th e s iz in g  its  o w n  p r o te in s . T h is  w as o f  co u r se  p roved  b e y o n d  y»" refering to with

d o u b t, w h e n  in  th e  1 9 8 0 s th e  c o m p le te  s e q u e n c e  o f  m ito c h o n d r ia l D N A
(m tD N A ) w as s e q u e n c e d  by th e  la b o ra to r ie s  o f  S a n g er  a n d  A ttardi ( s e e  pre-
v io u s c h a p te r ) . T h is  c o in c id e d  w ith  a g ro w in g  r e c o g n it io n  o f  m ito c h o n d r ia l authors in this volum e,
d isea se s , p io n e e r e d  by th e  w ork  o f  C lark, M o rg a n -H u g h es , L an d  ( 1 9 7 7 ) , and  and chap 1 (your

previous chapter in diis 
volum e) cites a few  
Attardi refs, but no 
Sanger. Please clarify 
meaning here.
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O thers in  w h ic h  th e  b io ch em ica l d e fe c ts  at th e  lev e l o f  th e  m ito ch o n d r ia l 
e le c tr o n  tra n sp o rt ch a in  h ad  b e e n  d esc r ib e d  in  cer ta in  n eu ro m u scu la r  
d isord ers.

In  th e  21®* cen tu ry  w e  are  n o w  g r a p p lin g  w ith  re la t in g  th e  c lin ica l p h e ­
n o ty p e  w ith  g e n o ty p e  in  th e se  d isea ses , to g e th e r  w ith  a tte m p tin g  to u n d e r ­
stan d  th e  m e c h a n ism s w h ereb y  m ito c h o n d r ia l d y s fu n c tio n  is  cau sed , e .g .,  
o x id a tiv e  stress a n d  h ow  th is re la tes to  c e ll d e a th  (a p o p to s is /n e c r o s is )  in  
n e u r o d e g e n e r a t iv e  d isease .

H. The Mitochondrial Electron Transport Chain

E ach  h u m a n  c e ll c o n ta in s  h u n d r e d s  o f  m ito c h o n d r ia  th a t are a p p ro x ­
im a te ly  1 /X in  le n g th . T h e  sh a p e  o f  th e s e  o r g a n e lle s  varies fro m  sp h erica l 
to  rod -lik e , a n d  o n  o c c a s io n , they  a p p e a r  to  fo r m  a n e tw o rk . E ach  m ito ­
c h o n d r io n  h a s  a  d o u b le  m em b ra n e  stru ctu re , i .e . ,  th e  o u te r  m ito ch o n d r ia l 
m e m b r a n e  su rro u n d s th e  in n e r  m e m b r a n e . T h is  in n e r  m e m b r ^ e  is in - 
v a g in a ted  a n d  fo rm s cristae (S ch effler , 1 9 9 9 ) T h e  sp a c e  b e tw e e n  th e  tw o  
m e m b r a n e s  is k n ow n  as th e  in ter m e m b r a n e  sp a c e  w h ile  th e  in n er  m e m ­
b ra n e  e n c lo s e s  th a t m atrix  w h ere  a  n u m b e r  o f  m e ta b o lic  p ro cesse s  occu r, 
e .g .,  th e  tr icarb oxy lic  a c id  (T C A ) cy c le , h e m e  sy n th esis , p a r t o f  th e  u rea  
c y c le  a n d  fatty  a c id  o x id a t io n .

T h e  in n e r  m ito c h o n d r ia  m e m b r a n e  is th e  site  o f  th e  e lec tro n  trans­
p o r t  c h a in  (E T C ) an d  is w h ere  th e  p ro cess  o f  o x id a t iv e  p h o sp h o ry la tio n  
o c c u r s  th a t fa c ilita tes  A T P synthesis. T h e  ETC  is  c o m p o s e d  o f  m o re  th an  
8 0  p o ly p e p t id e s  c o m p o n e n ts  th at are  g r o u p e d  to g e th e r  in to  fo u r  en zym atic  
c o m p le x e s  (F ig . 1 ). T h e  p o ly p e p tid e s  th a t c o n s t itu te  c o m p le x  I (N A D H : 
u b iq u in o n e  o x id o r e d u c ta se ) . III (u b iq u in o l c y to c h r o m e  c  re d u c ta se ), a n d  
IV  (c y to c h r o m e  c  o x id a se )  are c o d e d  fo r  by b o th  n u c le a r  a n d  m ito c h o n ­
d r ia l D N A . In  co n tra st, c o m p le x  II (s u c c in a te :u b iq u in o n e  o x id o r e d u c ta se )  
is c o d e d  e x c lu s iv e ly  by th e  n u c le a r  g e n o m e . In g e n e r a l term s, transfer o f  
r e d u c in g  eq u iv a le n ts  fro m  N A D H  o r  FA D H g (g e n e r a te d , e .g . ,  from  ca rb o ­
h yd ra te  o r  fa tty  ac id  m eta b o lism , s e e  b e lo w ) to  m o le c u la r  o x y g e n  is c o u p le d  
to  th e  p u m p in g  o f  p r o to n s  across th e  in n e r  m ito c h o n d r ia l m em b ra n e , i .e , 
fr o m  th e  m a tr ix  in to  th e  in te r m e m b r a n e  sp ace . T h is  tra n sp o r t o f  p ro to n s  
g e n e r a te s  a n  e le c tr o c h e m ic a l g r a d ie n t th a t h as tw o c o m p o n e n ts :  (a) a  p H  
g r a d ie n t  r e s u lt in g  in  a p H  d if fe r e n c e  (A p H ) a cro ss  th e  in n e r  m em b ra n e  
o f  a p p r o x im a te ly  1.4, a n d  (b ) a m e m b r a n e  p o te n t ia l ( A ^ ) ,  d u e  to  ch a rg e  
sep a ra t io n , o f  a b o u t  150 mV. T h e  r e su lt in g  p r o to n  m o tiv e  fo r c e  is th en  d is­
s ip a ted , w h e n  th e r e  is a n e e d  to sy n th esise  ATP, i .e , w h e n  th e  ce llu lar  A D ?  
c o n c e n tr a t io n  in crea ses. D iss ip a tion  o f  th is  g r a d ie n t th r o u g h  th e  m em b ra n e
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Fig. 1. Schem atic of the mitochondrial ETC. Details o f  this system can be found  in  the text. 

C and Q  rep re se n t the mobile electron carriers, cytochrom e c and  ubiqu inone, respectively.

se c to r  o f  th e  A TP syn th ase lea d s to  th e  p h so p h o r y la tio n  o f  A D P  (M itch e ll, 
1 9 6 1 ).

T h e  r a te  o f  ATP syn th esis , by th e  a b o v e  system , is u n d e r  t ig h t  c o n tr o l an d  
is r e g u la te d  via ADP. T h e  ce llu la r  c o n c e n tr a t io n  o f  A D P  is  a p p r o x im a te ly  
0 .1 4  m m o l /L ,  w h ich  is a b o u t 10 -fo ld  lo w er  th a n  th a t o f  ATP. T h u s , a  sm all 
d e c r e a se  in  A T P  co n c e n tr a t io n , d u e  to  an  in c r e a s e  in  m e ta b o lic  d e m a n d ,  
is a c c o m p a n ie d  by a  relatively  la r g e  p e r c e n ta g e  in c r e a se  in  c e llu la r  ADP. 
R e g u la tio n  o f  th is system  by A D P  is k n ow n  as resp ira tory  c o n tr o l a n d  e n su r e s  
th a t o x id a t iv e  p h o p h o ry la tio n  o c c u r s  o n ly  w h e n  th e r e  is a n e e d  to  r e p le n ish  
ATP.

In  v iew  o f  th e  key r o le  th e  E T C  plays in  e n e r g y  m e ta b o lism , d a m a g e  to  
o n e  o r  m o r e  o f  th e  resp iratory  c h a in  c o m p le x e s  c o u ld  le a d  to  an  im p a ir­
m e n t  o f  c e llu la r  ATP fo rm a tio n . H ow ever, e a c h  o f  th e  c o m p le x e s  o f  th e  E TC  
a p p ea rs  to  e x e r t  varying d e g r e e s  o f  c o n tr o l o v e r  re sp ira tio n . F u r th erm o re , 
in vitro, s tu d ie s  su g g est th at su b stan tia l loss o f  activ ity  o f  a n  in d iv id u a l c o m ­
p le x  m ay  b e  req u ired  b e fo r e  A TP syn th esis  is c o m p r o m ise d . H ow ever, th e  
d e g r e e  o f  c o n tr o l a particu lar  c o m p le x  e x e r ts  ov er  re sp ira tio n  m ay  d iffer  
b e tw e e n  c e l l  types. W ith in  th e  b ra in , m ito c h o n d r ia  a p p e a r  to  b e  h e te r o g e ­
n e o u s . T h u s , c o m p le x  I, o f  n o n sy n a p tic  m ito c h o n d r ia , h as to  b e  in h ib ite d  by  
a p p r o x im a te ly  70% b e fo r e  in h ib it io n  o f  A TP sy n th esis  o ccu rs . H o w ev er , for  
sy n a p tic  m ito c h o n d r ia , im p a irm en t o f  A TP sy n th esis  o c c u r s  w h e n  c o m p le x  
I is in h ib it e d  by 25%  (D avey  et al., 1 9 9 7 ).
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A . C o m p le x  I

N A D H  u b iq u in o n e  o x id o r e d u c ta se  (c o m p le x  I; EC  1 .6 .5 .3 )  is  th e  first 
a n d  la rg est e n z y m e  in  th e  e le c tr o n  tran sp ort ch a in . C o m p le x  I cata lyzes th e  
tran sfer  o f  tw o e le c tr o n s  fr o m  N A D H  to  u b iq u in o n e . T h e s e  are tran sferred  
th r o u g h  th e  e n z y m e  by b o u n d  p ro sth e tic  grou p s. T h is  tran sfer  is c o u p le d  
to  th e  tra n s lo c a tio n  o f  fo u r  to  five p r o to n s  from  th e  m atrix , across th e  in n e r  
m e m b r a n e , to  th e  in te r m e m b r a n e  sp ace .

T h e  th r e e -d im e n s io n a l stru ctu res o f  c o m p le x  I from  Escherichia coli, N. Au: P lease sp ell out 
crassa, a n d  b o v in e  h ea r t h ave b e e n  d e te r m in e d  by e le c tr o n  m ic r o sc o p y  name at 1st 
(G u e n e b a u t  et al., 1997; G rigoriefF, 1998; G u e n e b a u t et a t ,  1 9 9 8 ). A ll th e  
stru ctu res  sh o w  a  ch a ra cter istic  L  sh a p e , w ith  o n e  arm  e m b e d d e d  in  th e  
m e m b r a n e  a n d  th e  o th e r  p ro jec t in g  in to  th e  m atrix  (Fig. 2 ) T h e  m a tr ix  
d o m a in  h a s  a  g lo b u la r  s tru ctu re , a n d  it  is c o n n e c te d  to  th e  e lo n g a te d  m e m ­
b r a n e  d o m a in  b y  a  n arrow  stalk . A  co n str ic tio n  in  th e  m e m b r a n e  d o m a in  is  
p r e s e n t  in  b o th  th e  N. crassa a n d  b o v in e  en zym es.

B o v in e  c o m p le x  1 hsis 4 3  d if fe r e n t su b u n its  w ith  a  m o le c u la r  m ass o f  a p ­
p r o x im a te ly  9 0 0  k D a . T h e  m o le c u la r  m asses o f  th e  m atrix  d o m a in , in c lu d in g  
th e  stalk , a n d  t h e  m e m b r a n e  d o m a in  w ere  d e te r m in e d  as 5 2 0  a n d  3 7 0  k D a, 
re sp ec tiv e ly  (G r ig o r ie ff , 1 9 9 9 ).

NADH

FMN
NAD+

MATRIX

INNER
MEMBRANE

Fig. 2. S tru c tu re  o f  com plex I. Characteristic L-shaped structure o f com plex I. The NADH 
oxidation  occurs in  th e  perip h era l matrix dom ain, while subunits in  the m em brane dom ain  
a re  th o ugh t to  be responsible fo r proton pum ping. Treatm ent o f  com plex I with de te rg en t 
yields the  subcom plexes Itf an d  I /8. H arsher treatm ent divides the m em brane dom ain in to  \fi 
a n d  ly  (deno ted  by d ashed  lin e ). Transfer o f  e lectrons to ubiquinone (Q ) is thought to  be 
m ed ia ted  by subun its located  in  l y .
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C o m p le x  I h as o n e  n o n c o v a le n lly  b o u n d  flavin m o n o n u c le o t id e  
m o le c u le  (F M N ) a n d  a t lea s t six  iron-%sulflir c lu sters an d  tw o u b iq u in o n e  
b in d in g  s ites . O n ly  fo u r  o r  five ir o n -su lfu r  cluster's h ave  b e e n  r e so lv e d  
a n d  ch a ra c ter ized  by e le c tr o n  p a r a m a g n e tc  r e s o n a n c e  s^peCiroscopy. T h e  
lo c a t io n  o f  th e  r e m a in in g  irorr^su lfur c lu stery  (O h n is%  1 9 9 8 ) a n d  th e  
u b iq u in o n e  b in d in g  site s  (T o rm o  a n d  E s to m a ll , 2 0 0 0 ) h  still h ig h ly 'c o n ­
ten tio u s . C o n seq u en tly , th e  m e c h a n ism  o f  e le c t r o n  transfei^ a n d  h o w  th is  is  
c o u p le d  to  p r o to n  transfer, r e m a in s  u n r e so lv e d .

In th e  a b se n c e  o f  crystal s tru ctu res  a n d  g e n c u c  ap p ro a ch es , tr e a tm e n t  
o f  b o v in e  c o m p le x  I  w ith  c h a o tr o p e , p e r c h o la te , a n d  th e  (^«tergent, 
N ,N -d im e th y ld o d e c y la m in e  jN^Dxide, h a v e  co n tr ib u te d  to  th e  u n d e r sta n d ,  
in g  o f  b o th  th e  lo c a t io n , o r g a n iz a t io n , a n d  p r o p e r tie s  o f  th e  4 3  su b u n its . 
T rea tm en t o f  th e  b o v in e  e n z y m e  w ith  p e r c h o la te  r e le a se s  th r e e  fra c tio n s, a  
w a ter-so lu b le  fr a g m e n t k n o w n  as th e  f la v o p r o te in  (FP) fra c tio n , th e  i r o n -  
su lfu r  p r o te in , a n d  a  h y d r o p h o b ic  c o m p le x . T h e  FP f ia c t io n  reta in s th e  
ab ility  to  tran sfer  e le c tr o n s  fro m  N A D H  to  ferr icyan id e , a n d  it  c o n s is ts  
o f  th ree  su b u n its , th e  51-, 24-, a n d  10-kD a su b u n its . T h e  51 k D a su b u n it  
is  th e  site  fo r  b in d in g  o f  b o th  N A D H  a n d  th e  prim ary e le c tr o n  a c c e p ­
tor, F M N . T h e  5 1 - a n d  24-kD a su b u n its  a lso  b o th  c o n ta in  ir o n -s u lfu r  
c lu sters. T h e  n o n d e n a tu r in g  d e te r g e n t  N ,N -d im e th y ld o d e c y la m in c  N -o x id e  
d isso c ia te s  c o m p le x  1 d ifferen tly , y ie ld in g  tw o  su b c o m p le x e s  term ed  lot 
a n d  ip .  T h e  l a  re ta in s  th e  b io c h e m ic a l activ ity  o f  th e  c o m p le x  a n d  p ri­
m arily  c o n ta in s  th e  s o lu b le  p e p t id e s  th a t r e s id e  in  th e  m atr ix  d o m a in .  
T h e  m e m b r a n e  d o m a in  w ith  n o  b io c h e m ic a l activity is th e r e fo r e  th e  ip  
c o m p le x .

C o m p le x  1 fr o m  E. coli a n d  o th e r  b a cter ia  are m a d e  u p  o f  a t le a s t  14  
p o ly p e p t id e s  a n d  are a ll p r e se n t as h o m o lo g ie s  in  b o th  N. crassa a n d  m a m ­
m a lia n  m ito c h o n d r ia . T h e se  p r o te in s  are  c o n s id e r e d  to  b e  th e  “m in im a l” 
su b u n its  r e q u ir e d  fo r  e le c tr o n  tran sfer  a n d  p r o to n  tran sloca tion . S ev en  
b o v in e  h o m o lo g u e s  fr o m  th e  b o v in e  l a  fr a c t io n  are fo u n d  in  E. coli 7 5 ,  
5 1 , 4 9 , 3 0 , 2 4 , TYK% a n d  PSST. T h e  p o ly p e p t id e s  in  l a  th at are  n o t  m in im a l  
su b u n its  h a v e  b e e n  te r m e d  as “accesso ry ” p r o te in s , a lth o u g h  th e  m zyority o f  
su b u n its  h a v e  y e t  to  b e  a ss ig n ed  a  p a rticu la r  fu n c t io n . M any o f  th e  pm lypep- 
t id e s  h ave  n o  r e la tio n  to  o th e r  p r o te in s . T h e  18-kD a su b u n it c o n ta in s  a  
c A M P -d e p e n d e n t k in ase  p h o sp h o r y la tio n  site  m o t if  (S a rd a n elll et a i,  1 9 9 5 ). 
P h o sp h o r y la t io n  o f  th is  su b u n it activa tes c o m p le x  1, a n d  it is p r o p o se d  to  b e  
an  a d d it io n a l m e c h a n ism  w h ereb y  overa ll resp ira tory  ch a in  activity is  r eg u ­
la te d  (P a p a  et al., 2 0 0 1 ) .  S u b u n it  S D A P  is an acyl-carrier p r o te in  a n d  m a y  
b e  in v o lv ed  in  lip id  b io sy n th esis  a n d /o r  repair.

T h e  sta lk  b e tw e e n  th e  m atrix  a n d  m e m b r a n e  d o m a in s  h a s a d ia m e te r  
o f  3 0  A  a n d  is  p o s tu la te d  to  b e  p art o f  th e  e le c tr o n  transfer pathw ay lin k in g
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th e  N A D H  b in d in g  d o m a in  in  th e  m atrix  to  th e  u b iq u in o n e  b in d in g  sites 
o f  th e  m enibirafhe d o m a in . T h e  ir o n -su lfu r  c lu ster  N 2  is c o n s id e r e d  to  p lay  
an im p o rta n t r o le  in  c o m p le x  I. It h as th e  h ig h e s t  r e d u c tio n  p o ten t ia l o f  
all th e  c lu sters in  c o m p le x  1 an d  it is o n e  e le c tr o n  r e d u c t io n /o x id a t io n  is 
co u p le d  to  th e  b in d in g  a n d  re le a se  o f  o n e  p r o to n . T h is  c lu s te r  has b een  
lo ca ted  to  th e  sta lk  r e g io n . B o th  PSST  a n d  TYKY h a v e  b e e n  ad v o ca ted  to  
be th e  su b u n it th a t  b in d s  N 2  (O h n ish i et al., 1 9 9 8 ). T h e  tw o c a n d id a te s  are  
b oth  a m p h ip a th ic  a n d  in  d ir e c t  in tera c tio n  w ith  th e  m e m b r a n e  d om ain .
T h e  N 2  c lu ster  tran sfers  e le c tr o n s  to  u b iq u in o n e ; th e  d is ta n c e  b e tw een  N 2  Au: Sem icoion correct? 
and  o n e  o f  th e  u b iq u in o n e  b in d in g  s ites  is o n ly  8-11 A. T h e  N 2  cluster is 
m o st lik e ly  lo c a te d  in s id e  th e  m em b ran e .

Seven  su b u n its  o f  m a m m a lia n  c o m p le x  I are c o d e d  for  by m ito ch o n d r ia l 
DNA: N D  1 ,2 ,3 ,4 ,4 L ,  5 , a n d  6 . T h ey  are all lo c a te d  in  th e  m e m b r a n e  d o m a in  
an d  co n st itu te  th e  r e m a in in g  seven  m in im a l su b u n its  fo u n d  in  bacterial 
c o m p le x  I. T h e  N D  su b u n its  are  sim ilar to  b acteria l ca tio n /H '* ’ an tip orters, 
an d  th ey  are th o u g h t  r e sp o n s ib le  for  p r o to n  tra n s lo ca tio n . T h e  co n str ic tio n  
o f  th e  m e m b r a n e  arm  d iv id e s  th e  d o m a in  in to  o n e -th ir d  a n d  tw o-th irds p o r­
tions. R ela tively  h a rsh  N ,N -d im e th y ld o d e c y la m in e  N -o x id e  tr e a tm e n t p ro ­
d u ces , in  a d d it io n  to  su b c o m p le x e s  Icr a n d  \p ,  th e  sm a ll su b c o m p le x  know n  
as ly  (F ig . 2 ) . T h e  sm a lle r  ly  fraction  c o n ta in s  su b u n its  fr o m  th e  sm aller  
part o f  th e  m e m b r a n e  a rm , w h ile  1ft co n st itu te s  th e  la rg er  p a r t  o f  th e  arm  
(S azan ov  et a i,  2 0 0 0 ) .  T h e  N D l ,  2 , 3 , 4L , a n d  th e  n u clesu r-en cod ed  KFYl, 
are fo u n d  in  l y ,  w h ile  N D 4  an d  N D 5  a n d  11 n u c le a r  su b u n its  r e s id e  in  Ifi.
T h e  N D 6  c o u ld  n o t  b e  lo c a te d . N D l an d  N D 2  fo r m  a s u b c o m p le x  w ith in  
ly .  T h e  N D l b in d s  r o te n o n e  an d  u b iq u in o n e , a n d  it  is  p ro b a b ly  in tim ately  
in v o lv ed  w ith  u b iq u in o n e  b in d in g  an d  red u c tio n . T h e  lo c a t io n  o f  N D l in  
ly  lo ca tes  th e  su b u n it  c lo s e  to  th e  r e d o x  ce n te r s  o f  l a  a n d  th e  stalk. A t 
least tw o fu n c t io n a l a n d  sp atia lly  d is tin c t u b iq u in o n e  r e a c tio n  cen ter s  are  
th o u g h t  to  e x is t  in  c o m p le x  I. A  w id e in h ib ito r  b in d in g  d o m a in  b e tw een  th e  
tw o u b iq u in o n e  r e a c tio n  c e n te r s  has b e e n  p r o p o se d  (T o rm o  a n d  E storn ell,
2000).

E x p er im en ts  in  N. crassa have in d ica ted  th a t th e  m atr ix  a n d  m em b ra n e  
d o m a in s  u n d e r g o  in d e p e n d e n t  assem bly  (V id eira , 1 9 9 8 ) . W h e th e r  th is p h e­
n o m e n a  is a n a lo g o u s  to  m a m m a ls is u n cer ta in . In  fu n g i, th e  n u clear- and  
m ito c h o n d r ia l-c o d e d  g e n e s  are exc lu s iv e  to  th e  m a tr ix  a n d  m e m b r a n e  d o ­
m a in s  resp ectively . T h is  is n o t  th e  case  in  m a m m a lia n  m ito c h o n d r ia . Fram e  
sh ift m u ta tio n s  in  N D 4  a n d  N D 6 (in  h u m a n  a n d  m o u s e )  resu lts in  d e ­
fective  a ssem b ly  o f  th e  m ito c h o n d r ia l e n c o d e d  su b u n its  w ith  lo ss  o f  co m ­
p le x  I activity. H o w ev er , N A D H :ferr icyan id e  o x id o r e d u c ta se  activ ity  is u n af­
fe c te d , in d ic a t in g  th a t th e  fla v o p ro te in  fra g m en t is p r e se n t  (B a i a n d  A ttardi,
1 9 9 8 ).
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B. C o m p l e x  II

T h e  f la v o p ro te in  su c c in a te :u b iq u in o n e  o x id o r e d u c ta se  (c o m p le x  II; 
E C  1 .3 .5 .1) o x id iz e s  su cc in a te  to fu m a ra te , tran sferrin g  th e  e le c tr o n s  to  
u b iq u in o n e . C o m p le x  II is th e  o n ly  e n zy m e  th a t serves as a  d ir e c t  lin k  b e ­
tw een  th e  c itr ic  a c id  cy c le  (su cc in a te  d e h y d r o g e n a se )  a n d  th e  e le c tr o n  trans­
p o r t ch a in . T h e  e n zy m e  is b o th  structu rally  an d  cata lytica lly  c lo s e ly  re la ted  to  
th e  fu m a ra te  red u cta ses . F u m arate  red u cta ses  are  sy n th esized  in  a n a ero b ic  
o rg a n ism s th a t u tiliz e  fu m era te  as th e  term in a l e le c tr o n  a ccep to r . T h e  e lu ­
c id a tio n  o f  c o m p le x  II stru ctu re  a n d  fu n c t io n  h as b e e n  a c h ie v e d  u s in g  b o th  
th e  m a m m a lia n  e n zy m e  a n d  p rok aryotic  fu m arate  red u c ta se s  (rev iew ed  in  
A ck rell, 2 0 0 0 , a n d  H a g erh a ll, 1 9 9 7 ).

B o v in e  c o m p le x  II is  c o m p r ised  o f  a  h y d ro p h ilic  d o m a in  th a t p ro jec ts  
in to  th e  m a tr ix  a n d  a h y d ro p h o b ic  m em b ra n e  a n c h o r  (F ig . 3 ) .  T h e  hy­
d r o p h ilic  d o m a in  c o n ta in s  a  f la v o p ro te in  su b u n it (7 0  k D a) in tim a te ly  as­
so c ia ted  w ith  a n  ir o n -su lfu r  su b u n it (3 0  k D a ). T h is  d o m a in  fu n c t io n s  as a  
su cc in a te  d e h y d r o g e n a se  in  th e  p r e se n c e  o f  an  artific ia l e le c tr o n  a c c e p to r  
su c h  as fe r r ic y a n id e , b u t d o e s  n o t  in te r a c t d irectly  w ith  u b iq u in o n e . T h e  a n ­
c h o r  d o m a in  c o n ta in s  th e  tw o polyp>eptidesQ jPs-l a n d Q F s-3  (1 5  a n d  13 k D a, 
r e sp ec tiv e ly ). T h e  a n c h o r  d o m a in  n e e d s  to  b e  p r e se n t fo r  th e  r e d u c tio n  o f  
u b iq u in o n e  to  o ccu r . U b ise m iq u in o n e  h as b e e n  d e te c te d  b o u n d  to  in ta c t o r  
r e c o n s t itu te d  c o m p le x  II fo rm ed  fro m  Q P s an d  su c c in a te  d e h y d r o g e n a se , 
b u t n o t  su cq in a te  d e h y d r o g e n a se  a lo n e . T h e  prim ary  s e q u e n c e s  o f  b o th  th e

SUCCINATE

FUM ERATE

FP
MATRIX

QPS3
INNER

MEMBRANEQPS]

F ig . 3. S tructure  o f  m am m alian com plex II. T h e  m atrix dom ain  responsible for catalytic 
activity contains the  flavoprotein (FP), the capping dom ain (C ), and the iron-sulfur pro tein  
(IP). T he m atrix dom ain  is attached to the m em brane by QPS-1 and QPS-3. T he  m em brane 
spanning dom ain  contains the ubiquinone binding sites (Q ),
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fla v o p r o te in  a n d  th e  ir o n -s u lfu r  su b u n its  a re  h ig h ly  h o m o lo g o u s  b e tw een  
s p e c ie s , w h ile  th e  a n c h o r  d o m a in  illu stra tes  g r e a te r  d iversity: U n lik e  th e  
o th e r  c o m p le x e s  in  th e  e le c tr o n  tran sp ort c h a in , th e  fo u r  p o ly p e p tid e s  o f  
m a m m a lia n  c o m p le x  II a re  a ll c o d e d  fo r  b y  n u c le a r  g e n e s  (H iraw ake ei aL, 
1 9 9 9 ) .

T h e  f la v o p r o te in  su b u n it  p o ly p e p tid e  is  fo ld e d  in to  fo u r  d o m a in s  
[a  la r g e  flav in  a d e n in e  d in u c le o t id e  (FA1>) b in d in g  d o m a in , a  m o b ile  ca p ­
p in g  d o m a in , a  h e lic a l d o m a in , a n d  a  C -term in a l c o n s is t in g  o f  a n  antiparal­
le l  ^ -s h e e t ]  a n d  c o n ta in s  th e  d ica rb o x y la te  b in d in g  s ite  (H a g e r h a ll, 1997; 
L a n ca ster  et aL, 1999; A ck re ll, 2 0 0 0 ). T h e  FA D  b in d in g  d o m a in  h as a  
R o ssm a n n -ty p e  fo ld  a n d  is  very  sim ilar to  o th e r  FA D  b in d in g  d o m a in s  su c h  
as th io r e d o x in  r e d u c ta s e . T h e  FAD p r o s th e t ic  g r o u p  is c o v a le n t ly  b o u n d  
to  th e  p r o te in  b y  a  h is t id in e  resid u e  (sev era l H  b o n d s  fu r th e r  h o ld  th e  
FA D  in  p la c e ) .  F lav in  a d e n in e  d in u c le o t id e  is th e  p rim ary  e le c tr o n  a ccep ­
to r  in  c o m p le x  II. T o  a id  e le c tr o n  transfer, th e  d ica rb o x y la te  b in d in g  s ite  
is  p r e d o m in a n t ly  fo r m e d  by th e  FAD is o a llo x a z in e  r in g  (L a n ca ster  et al.,
1 9 9 9 ) .

T h e  ir o n - s u lf u r  s u b u n it  h a s an N -term in a l “p la n t fe r r e d o x in ” d o m a in  
a n d  a  C -term in a l “b a cter ia l fe r r e d o x in ” d o m a in , a n d  b in d s  th r e e  ir o n -su lfu r  
c e n te r s . T h e  N -te r m in a l d o m a in  co n ta in s  th e  [2 F e -2 S ]  ir o n - s u lfu r  cen ter , 
w h ile  th e  [ 4 F e -4 S ]  a n d  [3 F e -4 S ]  iro n —su lfu r  c e n te r s  a re  lo c a te d  in  th e  
C -term in a l. T h r e e  g r o u p s  o f  h ig h ly  c o n se r v e d  c y ste in e  r e s id u e s  serve as lig ­
a n d s  to  th e  c e n te r s .  X-ray crysta llograp h y  h a s  in d ic a te d  th a t th e  [2F e—2S ] 
ir o n —su lfu r  c e n t e r  is  c lo s e s t  to  th e  FAD m o ie ty  ( 12 .3  A in  W  sucdnogmes a n d  
E.COÜ (A ck re ll, 2 0 0 0 ) ) .  T h e  [4 F e—4S) c e n te r  c o n n e c ts  th e  [2 F e—2S ] c e n te r  
w ith  th e  [3 F e —4 S ] cen ter . E lec tr o n s  are p a sse d  s in g ly  fr o m  th e  (3F e—4S] 
c e n te r  to  u b iq u in o n e  fo r m in g  se m iu b iq u in o n e  b e fo r e  b e c o m in g  fully re ­
d u c e d  a n d  e x c h a n g in g  w ith  th e  u b iq u in o n e  p o o l  in  th e  m e m b ra n e . T h e  
[3 F e -4 S ]  c e n te r  a ls o  a p p e a r s  to  have an im p o r ta n t  stru ctu ra l ro le . P urified  
f la v o p r o te in  + ir o n —su lfu r  p r o te in  fra c tio n s  ca n  o n ly  r e b in d  to  th e  a n ch o r  
d o m a in  w h e n  th e  [3 F e -4 S ]  c e n te r  is in ta c t (H a g e r h a ll , 1 9 9 7 ) . T h e  cyste in e  
r e s id u e s  th a t  l ig a te  th is c e n te r  are w ith in  s e g m e n ts  th a t  a re  in  c o n ta c t  \rith  
th e  a n c h o r  d o m a in  (L a n ca ster  et al, 1 9 9 9 ).

T h e  s tr u c tu r e  o f  th e  a n c h o r  d o m a in  varies g rea tly  b e tw e e n  sp ec ie s . T h e  
a n c h o r s  a r e  c la s s if ie d  in to  fo u r  types, an d  d if fe r  in  to p o lo g y , n u m b e r  o f  p o ly­
p e p t id e s , a n d  c y to c h r o m e  b  c o n  ten t (H a g e r h a ll, 1997; H iraw ak e etal., 1 9 9 9 ). 
M a m m a lia n  c o m p le x  II co n s is ts  o f  tw o m e m b r a n e  su b u n its , QPs-1 a n d  
Q P s-3 , a n d  o n e  c y to c h r o m e  b  p ro sth e tic  g r o u p . E a ch  s u b u n it  has th ree  
h e l ic e s  th a t  sp a n  th e  m e m b r a n e  (Vu eta l,  1 9 9 2 ; H a g erh a ll a n d  H ed ersted t, 
1 9 9 6 ) .

S tru c tu ra l, E P R , a n d  in h ib ito r  s tu d ies  in d ic a te  th a t th e r e  are  p rob ab ly  
tw o u b iq u in o n e  b in d in g  s ite s  in  th e  m a m m a lia n  m e m b r a n e  an ch or, w ith



07/01/2002 06:08 PM Neurobiology^V.53^589F PSI37-02.tex PSI37-02.xml APscrialsv2(2000/12/19) Textures 2.0

3 4  HEALES rl al

b o th  p o ly p e p t id e s  p rov id in g  a  s ite  e a c h  (L e e  et a i,  1995; S h e n o y  el a l,
19 9 9 ) .  T h e  QPs-1 site is lo c a te d  c lo s e  to  th e  n e g a tiv e  (m a tr ix ) s id e  o f  th e  
m e m b r a n e . T h is  site ap pears to  b e  b o r d e r e d  by b o th  th e  ir o n -su lfu r  a n d  
a n c h o r  d o m a in s , a n d  it is c lo se  to  b o th  th e  [3 F e -4 S ]  c e n te r  a n d  th e  b-type  
h e m e . T h e  Q P s-3  site is lo c a te d  o n  th e  p o sitiv e  s id e  o f  th e  m em b ra n e .

I so la te d  Q P s co n ta in s  27  n m o l o f  c y to c h r o m e  b / m g  o f  p r o te in . T h e  fu n c­
t io n  o f  th e  h e m e  in  c o m p le x  II is  still u n  k n o w n . S tu d ie s  o f  B. subtilisznd E. coli au: Please speO out 
su c c in a te z u b iq u in o n e  o x id o r e d u c ta se  have im p lic a te d  th e  h e m e  in  p lay in g  genus at 1st m ention  

a n  im p o r ta n t  r o le  in  th e  a ssem b ly  o f  th e  en z y m e . A b se n c e  o f  h e m e  lead s to  
t h e  sy n th esis  o f  a p o cy to ch ro m e , a n d  to  th e  a c c u m u la tio n  o f  b o th  th e  flavo­
p r o te in  a n d  ir o n -su lfu r  d o m a in s  in  th e  cy to p la sm  (H a g erh a ll et a l, 1 9 9 7 ). An: Hager hall et al 97  
T h e  lig a n d  fo r  th e  b-type h e m e  in  c o m p le x  II h a s b e e n  id e n t if ie d  as b e in g  a  Please
b is h is t id in e . E x p ressio n  o f  b o th  p o ly p e p t id e  a n c h o r s  in  E. co/i is n ecessary  fo r  delete
h e m e  in se r tio n  a n d  en zy m e activity, in d ic a t in g  th a t o n e  lig a n d  is p ro v id ed  
fr o m  e a c h  p o ly p e p tid e  (S h en o y  et a l ,  1 9 9 9 ). T h e  co r e  o f  th e  m em b ra n e  
a n c h o r  in  m a m m a lia n  c o m p le x  II is p r o p o se d  to  b e  a fo u r-h e lix  antiparal­
le l  b u n d le  (tw o  h e lic e s  ea ch  fr o m  QPs-1 a n d  Q P s-3 ) w ith  th e  h e m e  g r o u p  
o r ie n te d  a p p ro x im a te ly  p e r p e n d ic u la r  to  th e  m e m b r a n e  p la n e  (H a g erh a ll 
a n d  H e d e r s te d t , 1 9 9 6 ).

C . C o m p l e x  III

U b iq u in o h c y to c h r o m e  c r e d u c ta s e  (c o m p le x  III; EC 1 .1 0 .2 .2 ) is  a lso  
k n o w n , b e c a u se  o f  th e  tw o c y to c h r o m e s  fo u n d  w ith in  iL as th e  b e , c o m p le x . 
T h is  c o m p o n e n t  o f  th e  ETC tran sfers  e le c tr o n s  fro m  r e d u c e d  u b iq u in o n e  
(u b iq u in o l)  to  cy to ch ro m e c. T h is  e le c tr o n  tran sfer  is c o u p le d  to  p ro to n  
p u m p in g  fr o m  th e  m atrix  to  th e  in n e r  m e m b r a n e  sp a ce , c o n tr ib u tin g  to  
t h e  p r o to n  g r a d ie n t  req u ired  fo r  A T P  syn th esis .

T h e  s tru c tu re  o f  c o m p le x  III in  a variety  o f  m a m m a lia n  sp e c ie s  has b e e n  
e lu c id a te d  (Iw ata etcU., 1998; K im  e ta l, 1998; Z h a n g  eta l, 1 9 9 8 ). T h e  p ro te in  
e x is ts  as a h o m o d im e r  w ith  e a c h  m o n o m e r  c o n s is t in g  o f  11 d if fe r e n t  su b ­
u n it s  w ith  a  to ta l m o le c u la r  m ass o f  a p p ro x im a te ly  2 4 0  kD a (s e e  T ab le  I ) . T h e  
tw o  m o n o m e r s  o f  th e  c o m p le x  h ave a  tw o fo ld  ax is o f  sym m etry  in  th e  p la n e  
o f  th e  m e m b r a n e  (Fig. 4 ) . C h ic k e n  c o m p le x  III is  150 A in  le n g th , sp an ­
n in g  th e  m e m b r a n e , an d  p r o je c t in g  in to  b o th  th e  in term em b ra n e  sp a c e  
a n d  m a tr ix  by 31 a n d  79  A re sp e c t iv e ly  (Z h a n g  et a l,  1 9 9 8 ).

F u n c tio n a lly , th e  m o st im p o r ta n t su b u n its  in  c o m p le x  III are c y to ch ro m e  
b  (c o n ta in in g  b o th  a low  a n d  h ig h  p o te n t ia l b -type h e m e , bL and  b n ) , 
c y to c h r o m e  c (c o n ta in in g  o n e  cp ty p e  h e m e ) , a n d  th e  R iesk e p ro te in  (b o u n d  
to  a  [2 F e—2 S ] ir o n -su lfu r  c e n te r ) .  T h is  o b se r v a t io n  is su p p o r ted  by th e  
fa c t  th a t in  p u r p le  bacteria , th e  c o m p le x  is c o m p r ise d  o f  ju s t  th ree  o r  fo u r  
su b u n its  c o n ta in in g  th e  re d o x  c e n te r s  ab ove. T h e  fu n c t io n s  o f  th e  e ig h t
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r TABLE I
SUBUNl-TS- Of  BOViNE HEART CoWTt EX III n

Subunit Prosthetic group Location Mr(kDa)

I. Core I M atrix 49.1
2. C ore 2 M atrix 46.5
3. Cytochrom e b H eines bH, b t M em brane 42.6
4. Cytochrom e ci H em e cj M em brane and  in term em brane 27.3

5. Rieske p rotein [2FC-2SJ
space

M em brane and  in term em brane 21.6

6. 13.4 K
space

M atrix
21.6
13.3

7. Q  b inding M em brane 9.6
8. Cl hinge In te r  m em brane space 9.2
9. P resequence o f  Rieske M atrix 8

p ro te in  
10. C| associated M em brane 7.2
I I .  6.4 K M em brane 6.4

cy tc

Intennembrane
space

Matrix

I
I
I
I

FlC. 4. S truc tu re  o f  com plex III. Com plex III exists as a d im er with the  m onom ers related 
by a twofold axis in  th e  plane o f  the paper (dashed line). T he in te rm em b ran e  dom ain  o f the 
Rieske p ro te in  (shaded  grey with a  star denoting th e  Fe-S cen ter) is m obile. T h e  dom ain can be 
close to  the  transm em brane dom ain, which is also th e  location o f  th e  two ub iqu inone binding 
sites, Qo (black triangle) and Qj (white triangle), an d  the high (b y ) and  low potential (b t) 
b-typ>e hem es (w hite squares). In the o ther conform ation , the Rciske p ro tein  is located close 
to cytochrom e cj an d  soluble cytochrom e c.
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a d d it io n a l p o ly p e p tid e s  p r e se n t in  m a m m a lia n  c o m p le x  III are still la i-gely  
u n k n o w n . G e n e t ic  s tu d ies  in  yeast h a v e  in d ica ted  th at, w ith  th e  e x c e p t io n  o f  
s u b u n it  6 , m u ta tio n s  in ser ted  in to  su b u n its  c o n ta in in g  n o  p ro sth e tic  g r o u p s  
a r e  re sp ira tio n  d e fic ie n t . T h e r e fo r e  th e se  p o ly p ep tid es  are still n e c e ssa r y  fo r  
c o m p le x  III activity.

T h e  in te r m e m b r a n e  s id e  o f  b e , c o n ta in s  th e  fu n ctio n a l d o m a in s  o f  cy to ­
c h r o m e  Cl ( in c lu d in g  th e  h e m e ) , th e  R iesk e  ir o n -su lfu r  p ro te in  a n d  su b ­
u n it  8 . T h e  tra n sm em b ra n e  d o m a in  is co m p r ise d  o f  13 tra n sm em b ra n e  
h e lic e s ,  o n e  e a c h  fro m  c y to ch ro m e  c j ,  th e  R iesk e p ro te in , a n d  su b u n its  7 , 
1 0 , a n d  I I  a n d  e ig h t  fro m  c y to c h r o m e  b. C y to ch ro m e b also h a s fo u r  h o r ­
iz o n ta l h e lic e s  o n  th e  in te r m e m b r a n e  sid e . T h e  in term em b ra n e  d o m a in s  
o f  c y to c h r o m e  c#, th e  ir o n -su lfu r  p r o te in  a n d  su b u n it 8  are p o s it io n e d  o n  
to p  o f  th e s e  h e lic e s  (Iwata et al., 1 9 9 8 ) . H e m e s  6 h  a n d  b^ are c lo s e  to  th e  
m a tr ix  a n d  in te r m e m b r a n e  s id e s , resp ectively , a n d  are in th e  m id d le  o f  a  
fo u r -h e lix  b u n d le . M ore th an  h a lf  o f  th e  m o le c u la r  m ass o f  th e  c o m p le x  
is  lo c a te d  in  th e  m atr ix  d o m a in . T h e  tw o large c o r e  p ro te in s, su b u n its  1 
a n d  2 , su b u n it  6  a n d  su b u n it 9 , r e s id e  in  th is d o m a in . T h ese  su b u n its  are  
th o u g h t  to  h a v e  m o r e  o f  a  stru ctu ra l r o le , w ith  su b u n it 2 im p lica ted  In th e  
s ta b iliza tio n  o f  th e  d im er. S u b u n its  1 a n d  2 h ave h o m o lo g y  w ith  th e  tw o  
su b u n its  o f  m ito c h o n d r ia l m atrix  p r o c e s s in g  p ep tid a se . E v id en ce  fo r  th e  
p o s s ib le  p ro  tea se  activity o f  su b u n its  1 a n d  2 is p ro v id ed  by th e  lo c a t io n  o f  
s u b u n it  9 . S u b u n it  9  is th e  p r e s e q u e n c e  o f  th e  n u c lea r -en co d ed  R ie sk e  p r o ­
te in . In  m a m m a ls , su b u n it  9  is c lea v e d  fro m  th e  iro n  su lfur p ro te in  fo l lo w in g  
im p o r t  in to  th e  m ito c h o n d r ia  a n d  r e s id e s  b e tw een  su b u n its 1 a n d  2  (Iw ata  
et al., 1998; S c h e ff le r , 1 9 9 9 ).

T h e  m e c h a n ism  by w h ich  e le c tr o n s  are  tran sferred  th rou gh  c o m p le x  
III h a s  b e e n  te r m e d  th e  Q  cycle . C o m p le x  III h a s  two u b iq u in o n e  s ites , 
Q o a n d  Q ,  th a t are lo ca ted  n ea r  th e  m em b ra n e  su rface  fa c in g  th e  in ter-  
m e m b r a n e  sp a c e  a n d  m atrix , resp ectively . E lec tro n  transfer from  u b iq u in o l  
b o u n d  a t th e  Q o  site  is b ifu rca ted . O n e  e le c tr o n  is  seq u en tia lly  tra n s ferred  
to  th e  R iesk e  ir o n -su lfu r  p ro te in , c y to c h r o m e  c i a n d  finally  to  s o lu b le  cy to ­
c h r o m e  c . T h e  o x id a t io n  o f  u b iq u in o l by th e  R iesk e  p ro te in  resu lts  in  th e  
r e le a s e  o f  tw o p r o to n s  in to  th e  in te r m e m b r a n e  sp a ce  an d  th e g e n e r a t io n  o f  
u b is e m iq u in o n e  at th e  Q o site. T h e  e le c tr o n  fro m  se m iu b iq u in o n e  b o u n d  
a t Q o  is tra n sferred  co n secu tiv e ly  to  h e m e  b^, b » , a n d  finally to  u b iq u in o n e  
b o u n d  a t  th e  Q ; s ite , thus fo rm in g  se m iu b iq u in o n e . T h e  seq u en tia l o x id a ­
t io n  o f  a s e c o n d  u b iq u in o l at Q o w ill r e d u c e  se m iu b iq u in o n e  to u b iq u in o l a t  
th e  Q i s ite . T h e  tw o p ro to n s  r e q u ir e d  fo r  th is are tak en  up fro m  th e  m a tr ix . 
U b iq u in o l  is th e n  free  to  b in d  to Q o , th u s  c o m p le t in g  th e  cycle (C ro fts  et al., 
1 9 99 ; S n y d er  etal., 2 0 0 0 ).

T h e  X -ray crystal stru ctu res o f  c o m p le x  III fro m  ch ick en , cow , a n d  ra b ­
b it  in  th e  a b s e n c e  a n d  th e  p r e se n c e  o f  in h ib ito r s  o f  q u in o n e  o x id a t io n  h ave
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sh ow n  th a t th e  ex tr in s ic  d o m a in  o f  th e  R ie sk e  ir o n -su lfu r  p r o te in  a ssu m es  
o n e  o f  tw o co n fo r m a tio n s  (Z h a n g  et a l,  1 9 9 8 ). Crystals in  th e  p r e se n c e  
o f  stig m a te llin , a Q „  site  in h ib ito r , sh o w s th e  ex tr in sic  d o m a in  o f  th e  iron  
su lfu r c e n te r  c lo s e  to  th e  h e m e  g r o u p s  o f  cy to ch ro m e b a n d  th e  Q o  site .
H is tid in e  161 , a  lig a n d  fo r  th e  ir o n -su U u r  cen ter , is in  an H -b o n d  d is ta n ce  Au: Histidine correct? 
o f  th e  Q o  site (Z h a n g  et al., 1 9 9 8 ) . T h is  is te rm ed  th e  proodmal confcrrmation.
H ow ever, crystals in  th e  n a tive  fo r m  sh o w  th e  ex tr in sic  d o m a in  o f  th e  i r o n -  
su lfu r c e n te r  is c lo s e  to  th e  e le c tr o n  a ccep to r , th e  h e m e  o f  c y to c h r o m e  c*
(d ista l c o n fo r m a tio n ) . T h e  r e la t iv e  p o s it io n  o f  th e  iron—su lfu r  c e n te r  in  
c h ic k e n  crystals in  th e  p r e s e n c e  o f  in h ib ito r  is  16 A from  that o f  th e  n ative  
stru ctu re . W h en  th e  R iesk e p r o te in  is  in  th e  d ista l co n fo rm a tio n  (c lo se  to  cy­
to c h r o m e  C l), th e  d is ta n ce  fr o m  th e  [2 F e -2 S ]  c e n te r  to  th e  e x p e c te d  c e n te r  
o f  th e  sub strate (in  th is c a se  s t ig m a te llin , u b iq u in o l in vivo) is a p p ro x im a te ly  
22  A. R apid  e le c tr o n  tran sfer  is  p o ss ib le  o v er  th is d istan ce  g iven  a  p r o p e r  
p ro te in  m atrix . H ow ever, w h e n  th e  R ie sk e  p ro te in  is in  th e  d ista l c o n fo r m a ­
tio n , th e  ir o n -su lfu r  c e n te r  is se p a r a te d  fr o m  th e  Q o site  by a c le f t , w h ich  is  
lik ely  to b e  a q u e o u s  (C rofts et oL, 1 9 9 9 ) . G iven  th e  d iffer in g  c o n fo r m a tio n s  
o b serv ed , a n d  th e  in h e r e n t  p h y sica l o b s ta c le s  p rev en tin g  e f f ic ie n t  e le c tr o n  
transfer b e tw een  d o n o r  a n d  a c c e p to r  s ite s , it  has b e e n  su g g e s te d  th a t th e  
rea c tio n  m e c h a n ism  o f  c o m p le x  HI in v o lv e s  m o v e m e n t o f  th e  ex tr in s ic  d o ­
m a in  o f  th e  R iesk e iro n —su lfu r  p r o te in . B o th  th e  tran sm em b ran e h e lix  an d  
m atrix  s id e  are  u n a lte r e d  in  th e  p r e s e n c e  o f  s tigm ate llin . T h e  c o il c o n s is t in g  
o f  r e s id u e s  6 8 - 7 3  is  s tr e tc h e d  in  th e  p r e s e n c e  o f  stigm atellin , im p l) in g  th at  
th is r e g io n  is r e sp o n s ib le  fo r  th e  m o v e m e n t  o f  th e  ex tr in sic  d o m a in  (Z h a n g  
et al., 1 9 9 8 ).

In  th e  p ro x im a l c o n fo r m a t io n , th e  Q o  b in d in g  p o ck e t is b u r ied  b e tw een  
th e  [2 F e -2 S ]  c e n te r  a n d  th e  h e m e  o f  cy t b^ T h e  b in d in g  p o c k e t  is bi­
fu rca ted , w ith  a  lo b e  to  b o th  cy t b i  a n d  th e  iro n -su lfu r  p r o te in  d o c k in g  
in ter fa ce . T h e  site  is th o u g h t  to  e ith e r  b in d  th e  in h ib ito r  an tim y cin  o r  at 
lea st over lap  w ith  th e  in h ib ito r ’s  b in d in g  s ite  (K im  etal., 1 9 98 ). X -ray crystals 
in d ic a te  th a t a n tim y cin  is b o u n d  in  a  cavity  su rro u n d ed  by h e m e  bH, th ree  
tra n sm em b ra n e  h e lic e s  a n d  th e  a m p h ip a th ic  su rface  h e lix  o f  c y to c h r o m e  b  
(Z h a n g  etal., 1 9 9 8 ) .

T h e  sa m e  fa c e  o f  th e  ir o n - s u lfu r  p r o te in  in teracts w ith  b o th  th e  Q > site  
a n d  cyt c , .  A  lo o p  p r e se n t  in  c y to c h r o m e  c  a n d  cg is ab sen t in  cyt c i ,  e x p o s in g  
h e m e  p r o p io n a te s  to  th e  su r fa c e . T h is  is w ith in  th e  e lec tro n  tran sfer  d is ta n ce  
o f  th e  ir o n -su lfu r  c e n te r  in  th e  d ista l c o n fo r m a tio n , an d  it  co u ld  b e  th e  ro u te  
by w h ich  cyt c i is r e d u c e d  (Z h a n g  et al., 1 9 9 8 ) . R ed u ction  o f  cy to c h r o m e  c 
by Cl is th o u g h t  to  r eq u ire  s u b u n it  8, a lso  term ed  th e  "hinge p r o te in ”. T h e  
p r o te in  h a s e ig h t  g lu ta m a te  r e s id u e s  a t  th e  N -term in a l that m ay fo r m  p art 
o f  th e  cy to c h r o m e  c d o c k in g  s ite  to g e th e r  w ith  h e lix  a l  o f  c y to c h r o m e  cj 
(Iw ata etal., 1 9 9 8 ).
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D. C o m p l e x  IV

C y to ch ro m e  c  o x id a s e  ( c o m p le x  IV; E C  1 .9 .3 .1 ) is  th e  term in u s  fo r  e le c ­
tron  trsinsfer in  th e  resp ira to ry  c h a in . T h e  e n z y m e  c o u p le s  th e  r e d u c t io n  
o f  o x y g e n  to  w ater, u s in g  e le c tr o n s  fr o m  c y to c h r o m e  c, to  th e  p u m p in g  o f  
p r o to n s  fro m  th e  m atrix .

C y to ch ro m e  c  o x id a se  h a s  th e  d is t in c t io n  o f  b e in g  th e  hrÿt c o m p le x  
o f  th e  E T C  to  b e  crysta llised . C rysta llization  o f  b o v in e  h ea rt c o m p le x  IV  
by T su k ih ara  et aL (1 9 9 6 ) r ev e a le d  th a t th e  m a m m a lia n  e n z y m e  h a s  13  
d if fe r e n t  su b u n its . B io c h e m ic a l a n d  sp e c tr o sc o p ic  analysis h a d  p rev io u s ly  
a llu d e d  to  th e  p r e s e n c e  o f  tw o c y to c h r o m e s  (h e m e s  a  an d  a 3 ) a n d  tw o  c o p ­
p e r  s ites . C rysta llization  o f  th e  c o m p le x  n o t  o n ly  p in p o in te d  th e ir  lo c a t io n  
b u t a lso  rev ea led  th e  lo c a t io n  o f  tw o a d d it io n a l m e ta l c e n te r s  ( o n e  m a g n e ­
siu m , o n e  z in c ) ,  tw o c h o la te s , a n d  e ig h t  p h o sp h o lip id s  (h v e  p h o sp h a tid y l 
e th a n o la m in e  a n d  th r e e  p h o sp h a tid y l g ly cer o ls)  a sso c ia ted  w ith  i t  T h e  p r o ­
te in  ex is ts  in  th e  in n e r  m e m b r a n e  as a  d im e r  w ith  e a c h  m o n o m e r  h a v in g  a  
m o le c u la r  m a ss o f  2 0 4  k D a (2 1 1  kD a in c lu d in g  c o n s t itu e n ts ) . V ie w e d  fro m  
th e  cy to so lic  s id e , th e  m o n o m e r s  fa c e  e a c h  o th e r  a ro u n d  a  tw o fo ld  a x is  
o f  sym m etry. T h e  su r fa ce  o f  e a c h  m o n o m e r  fa c in g  th e  o th e r  is  c o n c a v e ,  
fo r m in g  a  la rg e  o p e n in g  b e tw e e n  th e m  (F ig . 5 b ) . T h e  X-ray s tru c tu re  fa ile d  
to  rev ea l an y  a sso c ia tio n  b e tw e e n  th e  p h o s p h o lip id , c a rd io lip in , a n d  c o m ­
p le x  rV. C a r d io lip in  is e sse n tia l fo r  c o m p le x  IV  activ ity  a n d  T su k ih ara  et aL 
(1 9 9 6 ) S u ggest th a t  th e r e  is  sp a c e  fo r  tw o  c a r d io lip in  m o le c u le s  w ith in  th e  
in te r m o n o m e r  sp a c e .

S u b u n its  1—111 a re  m ito c h o n d r ia lly  e n c o d e d  a n d  form  th e  c o r e  o f  ^ e  
p r o te in . S u b u n it  I b in d s  h e m e  a  a n d  h e m e  a ; a n d  a lso  form s, th e  C ub r^ d ox  
cen ter , w h ile  su b u n it  II b in d s  th e  C u a  cen ter . E lu c id a tio n  o f  th e  W cter ia l  
cy to c h r o m e  c  o x id a s e  in  Paracoccis dentrijicans (Iw ata  et , 1095 ; M ic h e l  
et a i,  1 9 9 8 ) illu s tra te s  th a t th e  p r o te in  c o n ta in s  o n ly  fo u r  su b u n its , th e  c o r e  
o f  w h ic h , su b u n its  I - I I l ,  are  v irtu ally  id e n t ic a l a t a n  a tom ic  le v e l to  th e ir  
m a m m a lia n  c o u n te r p a r t  O n ly  su b u n its  I a n d  11 are  req u ired  fo r  a  fu n c ­
tio n a lly  active  p r o te in . T h is  su g g e s ts  th a t su b u n its  I - l l I  form  th e  fu n c t io n a l  
c o r e  o f  th e  p r o te in . V iew ed  p e r p e n d ic u la r ly  to  th e  m e m b r a n e , th e  c o r e  
o f  c y to c h r o m e  c  o x id a s e  lo o k s  lik e  a  tra p ezo id  w ith  an  e x te n s io n  o n  th e  
sm a ller  s id e  (F ig . 5 a ) .  T h e  tr a p e z o id  fo rm s th e  tra n sm em b ra n e  d o m a in ,  
w h ile  th e  e x te n s io n  is a  g lo b u la r  d o m a in  o f  su b u n it  II th at p ro jec ts  in to  th e  
in te r m e m b r a n e  sp a c e .

S u b u n it  I is  a  m e m b r a n o u s  p r o te in  w ith  12 tra n sm em b ra n e  h e lic e s .  
V iew ed  fro m  th e  in te r m e m b r a n e  s id e , th e  h e lic e s  a re  arra n g ed  in  a n  a n ­
tic lo ck w ise  fa s h io n  in to  th ree  se m ic ir c le s , e a ch  c o n ta in in g  fo u r  h e lic e s  b u n ­
d le s . T h is  a r r a n g e m e n t  fo rm s a  “w h ir lp o o l"  c o n fo r m a tio n  (T su k ih ara  et al., 
1996) w ith  a th r e e fo ld  ax is o f  sym m etry . T h is  s tru c tu re  form s th r e e  p o r e s .



07/01/2002 06:08 PM Neurobiology-V.53-6589F PS137-02.tex PS137-02.xml APseriaJsv2(2000/12/19) T extures 2.0

OXIDATIVE PHOSPHORYLATION 39

INTERMEMBRANE
SPACE

in

MATRIX

pore C

pore C

pore B

pore A" pore B

pore A

FlC. 5. Schematic represen tation  o f  com plex IV. T he trapezoid topology o f  subunits I-III 
p e rpend icu lar to  the  m em brane p lane  is shown in (a). Cytochrome c b inds a t the  corner 
form ed by subunits I and  II on th e  in ter m em brane side. The com plex IV d im er as a cross 
section a t the m em brane surface when viewed from the cytosolic side is shown in (b ). The 
th ree  4 helices bundles o f  subunit I, which form  pores A, B, and C (open  circles), a re  shown 
as dashed  curves. H em e in p o re  C is represen ted  by a dashed diagonal line. T h e  h em e a j-C uo  
cen ter in  pore  B is d en o ted  by a diagonal line (a3) and a diam ond (Cu).

A, B  a n d  C (Fig. 5 b ) .  S u b u n it  I co n ta in s  th e  two h e m e s , h e m e  a  is lo c a te d  
in  p o r e  C, w h ile  h e m e  ag is fo u n d  in  p o re  B. H e m e  ag, to g e th e r  w ith  the  
c o p p e r  a to m  C u b , fo rm s th e  b in u c lea r  site in vo lved  in  th e  r e d u c t io n  o f  
o x y g e n  to  w ater. B o th  h e m e s  a re  arran ged  p erp en d icu la r ly  to  th e  m e m ­
b ra n e  p la n e . P o re  A  is m a in ly  filled  w ith  co n serv ed  a ro m a tic  r e s id u e s . T h e  
h e lic e s  o f  su b u n it I are n o t  c o m p le te ly  p erp en d icu la r  to  th e  m e m b r a n e
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su rfa ce , w ith  th e  h e l ic e s  s lo p in g  tow ard c o n v e r g e n c e  o n  th e  in te r m e m b r a n e  
sid e .

S u b u n its  II a n d  111 a sso c ia te  w ith  su b u n it I w ith o u t  any  d ir e c t  c o n ta c t  
b e tw e e n  e a c h  o th er . S u b u n it  II h as tw o tra n sm em b ra n e  h e lic e s  th a t  in te r a c t  
w ith  su b u n it  I  a n d  an  ex tr a m e m b r a n o u s  g lo b u la r  d o m a in  in  th e  in te r m e m ­
b ra n e  sp a ce . T h e  g lo b u la r  d o m a in  h a s  a  ten -stra n d ed  ^  barrel a n d  sits  u p o n  
p art o f  th e  in tc ^ m e m b r a n e  fa ce  o f  su b u n it  I  (T su k ih ara  et ok, 1 9 9 6 ) . T h is  
d o m a in  a lso  c o n ta in s  th e  C u a  site  (c o m p r ise d  o f  tw o c o p p e r  a to m s) a n d  is  
o n ly  7  A fr o m  th e  su r fa c e  o f  th e  p ro te in . T h e  C ua s ite  is  th e  p r im a ry  e le c tr o n  
a c c e p to r  fr o m  c y to c h r o m e  c . T h e  c o r n e r  fo rm ed  by th e  e x tr a m e m b r a n e  d o ­
m a in  o f  s u b u n it  II a n d  th e  fla t cytosoU c su rface  o f  su b u n it  I  is  th o u g h t  to  
b e  th e  m o s t  lik e ly  c y to c h r o m e  c  b in d in g  â t e  (F ig . 5 a , M ich e l ei a i ,  1 9 9 8 ) .  
T h is  r e g io n  c o n ta in s  t e n  e x p o s e d  a c id ic  r e s id u e s  th a t c o u ld  b in d  th e  ly s in e  
r e s id u es  a t th e  h e m e  e d g e  o f  c y to c h r o m e  c. T h e  e le c tr o n s  are  th e n  tran s­
fe r r e d  to  h e m e  a  a n d  th e n  A nally o n  to  th e  h e m e  a j-C u b  b in u c le a r  s ite  
fo r  th e  r e d u c t io n  o f  o x y g e n . T h e  tw o h e m e  e d g e s  are  o n ly  4 .5  A a p a rt in  
su b u n it  I. A  h y d r o p h ilic  c le f t  b e tw een  su b u n its  I a n d  II p iW e e d s  fr o m  th e  
b in u c lea r  s ite  to  th e  in te r m e m b r a n e  su r fa ce  o f  th e  e n z y m e  a n d  is  th o u g h t  to  
b e  a  w ater  c h a n n e l.  T h e  c h a n n e l h as h ig h ly  c o n se r v e d  h y d r o p h ilic  r e s id u e s  
a n d  th e  m a g n e s iu m  b in d in g  site . '

S u b u n it  i n  is  a lm o s t  e n tir e ly  h o u s e d  w ith in  th e  m e m b r a n e  a n d  c o n s is ts  
o f  se v e n  tra n sm e m b r a n e  h e lic e s . T h e s e  h e lic e s  a re  d iv id ed  in to  tw o b u n ­
d le s  (h e l ic e s  I—II a n d  III—V II) by a  V -sh ap ed  c le ft . In  th e  m ito c h o n d r ia , th e  
c le f t  c o n ta in s  tw o p h o sp h a tid y le th a o la m in e  a n d  o n e  p h o sp h a tid y lg ly c e r o l  
m o le c u le . T h e  V -sh a p ed  c le f t  h as b e e n  p r o p o se d  to  b e  th e  o x y g e n  c h a n n e l.  
T h e  c h a n n e l starts a t th e  c e n te r  o f  th e  lip id  bilayer, w h ere  o x y g e n  so lu b ility  
is g r e a te r  th a n  in  th e  a q u e o u s  p h a se , a b o v e  a tig h tly  b o u n d  lip id  m o le c u le ,  
a n d  le a d s  d ir e c t ly  to  th e  b in u c le a r  s ite  in  su b u n it  I. T h e  m e c h a n ism s  o f  
p r o to n  tran sfer  to  th e  o x y g e n  r e d u c tio n  site  a n d  p r o to n  p u m p in g  a re  still 
h ig h ly  c o n te n t io u s  (M ic h e l, 1998; M ich e l et aL, 1 9 9 8 ; R iistam a et a t ,  2 0 0 0 ;  
\b sh ik a w a  et al., 2 0 0 0 ) .  P u ta tive  pathw ays fo r  th e  tra n sfer  o f  p r o to n s  in  a  p ro ­
te in  m o ie ty  v ia  a  n e tw o r k  o f  h y d ro g en  b o n d s  h ave  b e e n  id e n t if ie d . C o u p le d  
p r o to n  p u m p in g  m a y  o c c u r  e ith e r  v ia  a  d irec t c o n fo r m a tio n a l c h a n g e  a t th e  
b in u c le a r  s ite  o r  a  stru ctu ra l c h a n g e  d is ta n t fro m  th e  active s ite .

T h e  r e m a in in g  te n  su b u n its  o f  m ito c h o n d r ia l c y to c h r o m e  c  o x id a s e  are  
n u c le a r  e n c o d e d . T h e  fu n c t io n  o f  th e se  su b u n its  is still la rg e ly  u n k n o w n .  
T h e y  m ay p la y  a  r o le  in  in su la tio n , r eg u la tio n  sta b iliza tio n , o r  assem b ly . N o  
c y to c h r o m e  c  o x id a s e  activ ity  is o b serv ed  in  y ea st in  th e  a b se n c e  o f  e ith e r  
su b u n it  IV, V I, V II, o r  V ila . In  m a m m a ls , th e  n u c le a r -e n c o d e d  su b u n its  
IV, V ia , V ila , a n d  V III e x is t  as tw o tissu e-sp ecific  iso fo r m s (G ro ssm a n  a n d  
L o m a x , 1997; H u t te m a n n  e ta l,  2 0 0 1 ). T h e  iso fo rm s vary in  th e  N -te r m in u s  
o f  th e  p r o te in  ( te r m e d  h e a r t  an d  liver ty p e) , a n d  th ey  are c o d e d  fo r  by  
sep a ra te  g e n e s . T h e  h eart-typ e  iso form s are e x p r e sse d  in  h ea r t a n d  sk e le ta l
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m u sc le , w h ile  th e  liver-type iso fo rm  app ears to  b e  u b iq u ito u sly  ex p ressed . 
In h u m a n s , o n ly  th e  liver-type iso fo rm  o f  V III is p r e se n t in  all tissu es. T h ese  
iso fo rm s m ay p r o v id e  a m e th o d  by w h ich  c y to ch ro m e  c  o x id a se  ca n  b e  
d ifferen tia lly  r e g u la te d  d e p e n d in g  o n  th e  tissu e ’s req u irem en ts .

S even  su b u n its  e a c h  p o sse ss  o n e  tran sm em b ran e  h e lix , fo r m in g  an  irreg­
u lar  c lu ster  su r r o u n d in g  th e  m eta l sites. T h e  p a ck in g  o f  th e  tran sm em b ran e  
su b u n its  w ith  o n e  a n o th e r  is  th o u g h t  to  a id  th e  stability  o f  th e  e n z y m e  a n d  in ­
crea se  th e  so lu b ility  o f  th e  c o r e  su b u n its  w ith in  th e  m e m b r a n e . M any areas o f  
th e  c o r e  rem a in  u n c o v e r e d , e sp ec ia lly  o n  th e  cy to so lic  s id e . T h e  r e m a in in g  
th r e e  su b u n its  h a v e  ex tr a m e m b r a n e  d o m a in s . S u b u n its  Va a n d  V b are lo ­
c a te d  o n  th e  m a tr ix  s id e , w h ile  V Ib , w h ich  b in d s z in c, is o n  th e  cy to so lic  side.

E . C o m p l e x  V

T h e  A T P  sy n th a se  (FiFo-ATP syn th ase) u ses  th e  p r o to n  m o tiv e  fo r c e  
g e n e r a te d  across th e  in n e r  m ito c h o n d r ia l m e m b r a n e  by e le c tr o n  transfer  
th ro u g h  th e  E T C  to  d rive  A TP syn th esis . B o v in e  h ea rt A T P  syn th ase  is  c o m ­
p r ised  o f  16  d if fe r e n t  su b u n its  a n d  is d iv id ed  in to  th ree  d o m a in s  (A brah am s
et al., 1 9 9 4 ). T h e  m a tr ix  g lo b u la r  d o m a in , F I , c o n ta in in g  th e  ca ta ly tic  site Au: N o subscript one, conect?  
is l in k e d  to  th e  in tr in s ic  m e m b r a n e  d o m a in , Fq, by a  cen tra l sta lk  (F ig . 6a)
(A b rah am s et al., 1 9 94 ; K arrasch  a n d  W alker, 1 9 9 9 ). P ro to n  flu x  th r o u g h  Fq 
is c o u p le d  to  A T P  sy n th esis  in  th e  Fi d o m a in  by ro ta tio n  o f  th e  c e n tr a l stalk.

T h e  Fi ca ta ly tic  d o m a in  is a f la tten ed  sp h ere  8 0  A  h ig h  a n d  100  A  in  
d ia m eter , a n d  c o n ta in s  th r e e  a  su b u n its  an d  th ree  ^  su b u n its  [(o r /)) )] . T h e  
su b u n its  are a r r a n g e d  a ltern a te ly  like seg m en ts  o f  an  o r a n g e  a b o u t  th e  c e n ­
tral sta lk  th a t c o n ta in s  th e  y ,  S, an d  e su b u n its  (F ig . 6 a) (G ib b o n s  et al.,
2 0 0 0 ) . T h e  a  a n d  su b u n its  are  h o m o lo g o u s  (20%  id e n t ic a l) , a n d  h ave a 
very sim ilar  fo ld . B o th  su b u n its  b in d  n u c le o t id e s , how ever, o n ly  th e  >3 sub­
u n its  sh o w  cata ly tic  activity. T h e  n u c le o t id e  b in d in g  s ite s  are  lo c a te d  at th e  
in te r fa c e s  b e tw e e n  th e  a  a n d  ^  su b u n its. T h e  catalytic sites are  p r e d o m i­
n a n tly  in  th e  fi su b u n its  w ith  so m e  res id u es  from  th e  « -su b u n its  co n tr ib u t­
in g . T h e  stru ctu res o f  th e  th r e e  ^ -su b u n it catalytic s ite s  are alw ays d if fe r e n t  
a n d  cyc le  th r o u g h  “o p e n ,” “lo o s e ,” a n d  “tig h t” sta tes (F ig . 6 b ) . T h is  cycle  
is k n o w n  as th e  “b in d in g -c h a n g e  m e c h a n ism ,” an d  w as o r ig in a lly  p r o p o se d  
by P au l B oyer  a n d  c o lle a g u e s  (1 9 9 7 ) . W h en  th e  ca ta lytic  s ite  is in  th e  tig h t  
sta te , th ere  is a  h ig h  a ffin ity  fo r  A D P  a n d  in o rg a n ic  p h o sp h a te  r e su lt in g  in  
A TP fo r m in g  sp o n ta n e o u s ly . T h e  o p e n  state has very lo w  a ffin ity  for  sub­
s t r a te /p r o d u c t , w h ile  th e  lo o s e  state  b in d s substrate reversibly. R e lea se  o f  
A T P  fro m  th e  o p e n  sta te  d e p e n d s  o n  b in d in g  o f  A D P  a n d  Pj to  th e  lo o se  
sta te  (B oyer, 1 9 9 7 ) , in d ic a t in g  co o p era tiv e  b in d in g  b e tw e e n  sites.

S tru ctu ra l, b io c h e m ic a l , a n d  sp ec tro sco p ic  stu d ie s  h ave  su g g e s te d  that 
th e  y  su b u n it o f  th e  sta lk  ro ta tes , c o u p lin g  th e  p ro to n  m o tiv e  fo r c e  at th e
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FlC. 6. S tructure a n d  m echanism  o f action o f ATP synthase (com plex V). A representation 
o f the p roposed  struc tu re  o f  ATP synthase is shown in (a ). T he stalk rotates in an anticlockwise 
d irection when viewed from the m em brane. T he (0^)3  dom ain  is prevented from  rotating 
by the  stator. T h e  stalk ro tation  occurs in 120“ steps, this m ovem ent results in  the  three P 
subunits cycling th ro u g h  the  th ree  states proposed by the binding-change m echanism  (b). In 
the absence o f an  in p u t o f  energy (rotation o f  the stalk), the tigh t state (T) is occupied by ATP 
and the  loose state (L) is able to bind ADP and Pj. A 120“ ro tation  of the stalk changes the 
conform ations o f  the  P subunits, trapping bound ADP and P; in th e  tight state and  allowing 
ATP to escape from  th e  o pen  state (O ). A second ATP is fo rm ed in the tight state and a new 
set o f  substates (ADP an d  Pi) is free to bind to the p  subunit currently  in loose state. And so 
the cycle repeats.
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m e m b r a n e  to  A T P  sy n th esis o v er  10 0  A away. T h e  C -term in a l o f  th e  y  sub­
u n it  is  a  9 0  A of-helix  a n d  fits in to  th e  c en tra l cavity fo r m e d  by th e  (0 ^ ) 3  

d o m a in . T h e  C -term in a l e m e r g e s  to  fo rm  a d im p le , 15 A b e lo w  th e  to p  o f  the  
h e x a m e r ic  d o m a in . T h e  low er  h a lf  o f  th e  h e lix  fo rm s an a sy m m etr ic  antipar­
a lle l c o i le d  c o il  le a d in g  in to  à  s in g le  a -h e l ix  a t th e  N -term in a l. T h is  h e lix  
e x te n d s  4 7  A b e lo w  th e  (0 ^ ) 3  d o m a in  a n d  fo rm s p art o f  th e  sta lk  d o m a in  
b e tw e e n  th e  F% a n d F o  d o m a in s  ( A b r a h a m s a t ,  1 9 ^ ; G i b b o r r s 2000 ) .  
R ev ersib le  d isu lf id e  cross lin k s b e tw e e n  a  m ix tu r e  o f  ra d io a c tiv e  a n d  u n ­
la b e le d  P su b u n its  a n d  th e  y  s u b u n it  c o n f ir m e d  th a t th e  y  su b u n it  c a n  b in d  
ea ch  P su b u n it  fireely, reg a rd le ss  o f  w h ich  sta te  it  is in . F u r th erm o re , th e  
{0 1 ^ ) 3  d o m a in  lo s e s  m o s t  o f  its  ca ta ly tic  activ ity  a n d  sh o w s little  co o p era tiv e  
b in d in g  o f  n u c le o t id e s  w h e n  th e  y  su b u n it is  d isa sso c ia ted . S ev era l sp ec ific  
p o la r  in te r a c t io n s  a n d  h y d r o p h o b ic  lo o p s  b e tw e e n  th e  {0 1 ^ ) 3  d o m a in  an d  y  
su b u n it  h a v e  a lso  b e e n  o b serv ed . A tta c h m e n t  o f  a  f lu o r e sc e n t  a c tin  fila m en t  
to th e  y  su b u n it  sh o w e d  d irectly  th a t th e  y  su b u n it  ro ta tes  c o u n terc lo ck w ise  
in  A T P  sy n th a se  w h e n  v iew ed  fro m  th e  F@ d o m a in  (N o ji etaL, 1 9 9 7 ) . N e ith e r  
th e  S or E su b u n its  ( th e  tw o r e m a in in g  c o m p o n e n ts  o f  th e  sta lk ) are  n ec ­
essary  fo r  r o ta t io n  T h e  y  su b u n it  ro ta tes  in  120“ step s  w ith  a  fr e q u e n c y  o f  
1 0 0 -2 0 0  H z. T h is  ro ta t io n  c h a n g e s  th e  n u c le o t id e  b in d in g  a ff in it ie s  o f  each  
P su b u n it , c y c lin g  th e m  th ro u g h  th e  o p e n , lo o s e , a n d  tig h t s ta tes  (F ig . 5 b ). 
T h is  is  b e c a u se  e a c h  P su b u n it is  seq u en tia lly  e x p o s e d  to  a d if fe r e n t  su rface  
o f  th e  y  su b u n it  as it  ro ta tes. F o r  e x a m p le , in  th e  o p e n  sta te , th e  p o sitio n  
o f  t h e  y  su b u n it , re la tiv e  to  th e  /3-subunit, p rev en ts  th e  P s u b u n it  from  
a d o p t in g  a  n u c le o t id e  b in d in g  fo r m a tio n .

C ry sta lliza tio n  o f  th e  F% d o m a in  b o u n d  to  th e  in h ib ito r  d icyc loh exy lcar-  
b o d iim id e  r e so lv e d  th e  stru ctu re  o f  th e  stalk. A  h ith e r to  u n s e e n  R ossm an n  
fo ld  to w a rd  th e  b o tto m  o f  th e  y  su b u n it  at th e  b a se  o f  th e  sta lk  (ac^ acent 
to  th e  Fq d o m a in )  w as id e n t if ie d . T h e  8  a n d  e  su b u n its  in te r a c t ex ten s iv e ly  
w ith  th is  fo ld , fo r m in g  a  fo o t  (G ib b o n s  et a i, 2 0 0 0 ) .  T h is  fo o t  in tera c ts  w ith  
th e  c  r in g  o f  th e  F„ d o m a in . E le c tr o n  m icro sco p y  o f  b o v in e  A T P  synthase  
a lso  h a s  r e v e a le d  a  p e r ip h e r a l sta lk  c o n n e c t in g  th e  {aP ) 3  d o m a in  to  a  co llar  
(p o ss ib ly  th e  fo o t )  a t th e  to p  o f  th e  Fq d o m a in  (K arrasch  zmd W alker, 1 9 99 ). 
T h is  is  p o s tu la te d  to  b e  a stator, p r e v e n tin g  th e  (or^) 3 d o m a in  fro m  fo llo w in g  
th e  r o ta t io n  o f  th e  y  su b u n it. S u b u n its  b , d , Fs a n d  o ligom ycin -sen sitiv ity - 
c o n fe r r in g  p r o te in  (O SC P ) o f  th e  Fq d o m a in  h ave b e e n  p r o p o s e d  to  b e  
p art o f  th is  p e r ip h e r a l stalk. T h e  p er ip h era l sta lk  (s ta tor) in  b a cter ia l ATP  
sy n th a se s  is  c o m p r ise d  o f ju s t  tw o b  su b u n its  fr o m  Fq a n d  th e  b a cter ia l h o m o ­
lo g u e  o f  O SC P. T h e  tw o c o p ie s  o f  th e  b  su b u n it  e x te n d  to  th e  to p  o f  Fi w h ere  
th ey  in te r a c t  w ith  th e  O SC P  h o m o lo g u e  th at is a sso c ia ted  w ith  th e  F; d o m a in .

T h e  Fo d o m a in  sp a n s th e  m e m b r a n e  a n d  is th e  s ite  o f  p r o to n  translo­
c a t io n  r e q u ir e d  to  d r ive  A TP syn th esis . U n fo r tu n a te ly , n o  h ig h -re so lu t io n  
crystal stru c tu res  a re  availab le fo r  th is d o m a in . T h e  F q d o m a in  o f  b o v in e
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h ea r t A T P  sy n th a se  c o n ta in s  9  d if fe r e n t su b u n its , a , b , c , d , e , f, g , A 6 L, an d  
Ffi. S u b u n its  a , b , d , a n d  F6  are  p r e se n t  in  th e  c o m p le x  w ith  o n e  co p y  each . 
In b acter ia , tw o c o p ie s  o f  b  are  o b serv ed . O n e  o f  th e  subu n its p r e se n t in  
eu k a ry o a te , b u t  a b se n t in  b acter ia l A T P syn th ase , p rob ab ly  su b stitu tes fo r  
th e  s e c o n d  c o p y  o f  b  r e q u ired  in  th e  stator. T h e  sto ich io m etry  o f  su b u n it c  
is u n c lea r , 9 —12 c o p ie s  h ave b e e n  su g g e s te d  to  fo rm  a  ring .

S u b u n it  a  in  c o n ju n c t io n  w ith  th e  r in g  o f  c  su b u n its  is  th o u g h t to  p ro v id e  
th e  p ath w ay  fo r  p r o to n  tra n s lo ca tio n . S u b u n it  a  is b e lie v e d  to act as a  p ro to n  
in le t  c h a n n e l. A t th e  in te r fa c e  b e tw een  th e  a  a n d  c su b u n its, a p r o to n  th at 
h as p a sse d  th r o u g h  su b u n it a , is  th o u g h t  to  b in d  to  A sp61 o f  th e  c su b u n it. 
T h e  c -su b u n it  r in g  oiE . coliPHV syn th ase  h a s  b e e n  sh o w n  to  ro ta te  (T su n o d a  
et a l,  2 0 0 1 ) .  T h e r e fo r e , u p o n  p r o to n a t io n , th e  c -su b u n it site leaves th e  in ­
ter fa ce  w ith  th e  a  su b u n it a n d  ro ta tes  in t o  th e  lip id  p h ase . T h e  c  su b u n it  
r o ta te s  n ea r ly  3 6 0 ° , r e le a s in g  th e  p r o to n  to  th e  o u t le t  ch a n n e l in  su b u n it  a  
as it  r e e n te r s  th e  su b u n it  a -s u b u n it  c  in te r fa c e . T h e  p r e se n c e  o f  o n e  m u ta n t  
c s u b u n it  b lo c k s  p r o to n  tra n s lo ca tio n , in d ic a tin g  th a t th ere  is coop era tiv ity  
b e tw een  th e  c  su b u n its . T h e  in h ib it io n  o f  A T P  sy n th a se  ex er ted  by dicy- 
c lo h e x y ic a r b o d iim id e  is  a c h ie v e d  by a  u n iq u e  r e a c tio n  w ith A sp B l. I f  th e  
m a m m a lia n  A T P  syn th ase  h a s  12 c su b u n its , o n e  fu ll turn  o f  th e  r o to r  w ill 
y ie ld  th r e e  A T P  m o le c u le s  (fo u r  p r o to n s  tra n s lo ca ted  p e r  A TP).

T h e  y ,  8, a n d  e su b u n its  o f  th e  cen tra l sta lk  are in tim a te ly  a ttach ed  to  th e  
r in g  o f  c  su b u n its . T h e  ro ta tio n  o f  th e  stalk  c o n fe r r e d  to  it by th e  m o v e m e n t  
o f  th e  c  r in g  p r o v id e s  a  m e c h a n ism  by w h ic h  p r o to n  tran sloca tion  across  
th e  m e m b r a n e  is  c o u p le d  to  A T P  syn th esis  in  th e  m atr ix  over 100 A  away.

F. A D P -A T P  DtANSLOCATOR

A T P  g e n e r a te d  in  th e  m ito c h o n d r ia l m a tr ix  is tran sp orted  to th e  cy toso l 
via th e  A T P -A D P  tran slocator . F or every  A TP m o le c u le  ex p o r ted , an  A D P  
m o le c u le  fr o m  th e  cy to so l is im p o r te d . T h e  e x c h a n g e  o f  ATP fo r  A D P  is  
d r iv en  by th e  m e m b r a n e  p o te n t ia l s in c e  A T P  h as o n e  m o r e  n ega tive  ch a rg e  
th an  A D P

T h e  A T P -A D P  tra n s lo ca to r  is an  in teg ra l p r o te in  w ith six  tran sm em ­
b ra n e  h e l ic e s  a n d  a  m o le c u la r  m ass o f  32  kD a. D im er iza tio n  o f  th e  tran slo ­
ca to r  su b u n its  is th o u g h t  to  fo r m  th e  c h a n n e l th r o u g h  w h ich  ATP a n d  A D P  
are tr a n sp o r ted  (K lin g en b erg , 1992; S ch effler , 1 9 9 9 ) . It is e s t im a ted  th at  
th e  tr a n s lo c a to r  a c c o u n ts  fo r  u p  to  16% o f  th e  to ta l p ro te in  c o n te n t  o f  
m ito c h o n d r ia .

T h e  u se  o f  tw o sp ec ific  A T P -A D P  tra n s lo ca to r  in h ib ito rs, a tracty losid e  
a n d  b o n g k r e k ic  a c id , h ave s h e d  lig h t o n  th e  m e c h a n ism  o f  tran sloca tion . 
A tra c ty lo s id e  o n ly  b in d s  to  th e  cy to p la sm ic  s id e  o f  th e  tran slocator  s in c e  it 
is u n a b le  to  cro ss  th e  in n e r  m e m b r a n e , w h ile  b o n g k rek ic  acid  can  e n te r
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th e  m ito c h o n d r ia  a n d  b in d s  ex c lu s iv e ly  to  th e  m atrix  s id e . T h e  p r e s e n c e  
o f  in h ib ito r s  p rev en ts  th e  b in d in g  o f  b o th  A T P  a n d  ADP. H ow ever , b o th  
in h ib ito r s  c a n n o t  b in d  a t th e  sa m e  t im e , d e s p ite  o c c u p y in g  o p p o s ite  s id e s  o f  
th e  tran sloca tor . T h is  in d ic a te s  th at th e  A T P -A D P  tran sloca tor  is  o n ly  o p e n  
fo r  o n e  su b stra te  a t a  tim e  (e .g ., A T P  o n  th e  m atrix  s id e ) . T h e  p o s tu la te d  
tran sition  b e tw e e n  th e  tw o c o n fo r m a tio n a l sta tes  (o p e n  o n  th e  m atr ix  s id e  to  
o p e n  o n  th e c y to s o lic  s id e y r e so tt s in  th e  tra n s lo ca tio n  o f  th e  su b stra te  a cro ss  
th e  m e m b r a n e  (S ch effler , 1 9 9 9 ). S tu d ie s  h a v e  su g g e s te d  th at th e  A T P—A D P  
tra n s lo ca to r  is o n e  o f  th e  c o m p o n e n ts , o f  th e  m ito c h o n d r ia f  p erm ea b ility  
tran sition  p o r e . F o rm a tio n  o f  th is  p o r e  is p o s tu la te d  to  b e  a  fa c to r  in  th e  
in it ia t io n  o f  a p o p to s is  (T atton  a n d  O la n o w , 1 9 9 9 ).

HI. Intermediary Metabolism

R e d u c in g  eq u iv a len ts , fo r  u tiliz a tio n  by th e  E T C , are g e n e r a te d  via a  
n u m b e r  o f  in te g r a te d  m e ta b o lic  pathw ays. B e lo w  are  b r ie f  d e sc r ip tio n s  o f  
th e  p r e d o m in a n t  m e ta b o lic  pathw ays, lo c a te d  to  m ito c h o n d r ia , th a t a re  
r e sp o n s ib le  fo r  N A D H  a n d  EADHg g e n e r a t io n . D eta ils  o f  o th e r  m e ta b o lic  
path w ays th a t o c c u r  w ith in  m ito c h o n d r ia  b u t are  n o t  d irectly  re la ted  to  
e n e r g y  tr a n sd u c tio n , e .g ., h e m e  sy n th esis  a n d  th e  u rea  cy c le , are  n o t  c o v ered , 
b u t c a n  b e  fo u n d  e lse w h e r e  (e .g ., S c h e ff ler , 1 9 9 9 ).

A  P yruvate  D eh y d ro g en a se

C y to so lic  p yruvate, u n d e r  a ero b ic  c o n d it io n s , is  m e ta b o liz e d  fu r th er  
by th e  T C A  cy c le . T h e  tran sp ort o f  p yru vate  in to  m ito c h o n d r ia  is v ia  th e  
m o n o c a r b o x y la te  tran slocator , a n d  e n tr y  o f  pyruvate in to  th e  T C A  cy c le  
(s e e  b e lo w ) is r e g u la te d  by pyruvate d e h y d r o g e n a se  (P D H ). T h is  e n z y m e  
c o m p le x  ca ta lyzes th e  c o n v e r s io n  o f  p yru vate  to  acetyl C oA  a n d  N A D H . T h e  
P D H  c o m p le x  c o n s is ts  o f  132  su b u n its  a n d  is c o m p o s e d  o f  th r e e  m a in  e n ­
zym es: (a ) p yru vate  d eca rb o x y la se  (Ej)  w h ic h  is a tetram er, e n c o d e d  b y  tw o  
g e n e s  o n  th e  X  c h r o m o s o m e  a n d  c o m p o s e d  o f  2 a  a n d  2/5 su b u n its; (b ) a  
tra n sa cety la se  (Eg) o f  5 2  k D A , w h ich  e x is ts  as a  m o n o m e r  w ith  lip o ic  acid ; 
a n d  (c )  d ih y d r o lip o y l d e h y d r o g e n a se  (Eg) ,  a  55-kD A  d im e r  th a t a lso  fu n c ­
tio n s  in  th e  b r a n c h e d  c h a in  k e to a c id  d e h y r o g e n a se s  a n d  th e  a -k e to g lu ta ra te  
d e h y d r o g e n a s e  c o m p le x . A  lip o ic  acid  c o n ta in in g  m o ie ty  k n o w n  as th e  "X” 
p r o te in  is  a lso  p r e s e n t  in  th e  c o m p le x  a n d  is b e lie v e d  to  h ave an  acyl transfer  
fu n c t io n  (P a te l a n d  R o c h e , 1 9 9 0 ). As P D H  cata lyzes a key reg u la to ry  step  Au: R g  7 cited 
o f  a e r o b ic  g lu c o s e  o x id a t io n , activity is t ig h tly  reg u la ted . T h e  m e c h a n ism  correctly? if  not, 
fo r  th is r e g u la t io n  is p h o sp h o r y la tio n  ( in a c tiv e ) a n d  d e p h o sp h o r y la tio n  ^



07/01/2002 06:08 PM Neurobiology-V.53-6589F PSl37-02.tex PS137-02.xml APserialsv2(2000/12/19) Textures 2.0

46 H E A L E S  el aL

G l u c o s e  

Glycolysis |

P y r u v a t e

Fatty acyl CoA

CPTII
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o x a l o a c e t a t e  
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c i t r a t em a l a t e

n u n a r a t e glutamateFADH,
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inyl CoA 4 a-ketoglutarate

NAD* a Tn ADH
N A D H

Fig. 7. Integration o f energy metabolism within the m itochondria. Acetyl CoA, generated 
via PDH and fatty acid /5 oxidation, is metabolized byTCA (Kreb’scycle). Reducing equivalents 
(NADH and PADHg) generated  by this cycle, PDH activity, and P oxidation are oxidized by 
the e lectron  transport chain resulting in the generation of ATP synthesis. The enzymes of the 
TCA cycle are as follows: (I)  citrate synthase, (2) aconitase, (3) isocitrate dehydrogenase, (4) 
of-ketoglutarate dehydrogenase, (5) succinyl-CoA synthase, (6) succinate dehydrogenase, (7) 
fumarasc, (8) m alate dehydrogenase. The splitting o f the cycle into “mini cycles” is depicted 
by the dotted  line and requires aspartate amino transferase, 9.

(active) o f  PD H  by a kinase and a phosphatase, respectively (L inn et al., 
1969; Scheffler, 1999). (S ee Fig. 7.)

B. THE TCA CYCt E

T h e  TCA cycle, also known as the Kreb’s cycle or the citric acid cycle, was 
elu cid ated  in 1937. A m ajor funcüon  o f  this cycle is generation  o f  reduced  
N A DH  and FADHg that can be utilized by the ETC for ATP synthesis. This 
cycle o f  e igh t enzym e catalyzed reactions is located  to the m itochondrial 
m atrix and links a n um ber o f  m etabolic pathways that generate acetyl CoA  
(Fig. 8 ). Furtherm ore, in term ediates gen erated  in the cycle are utilized in
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Fig. 8. M itochondrial P ox idation  o f fatty acids.
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4 8  HEALES el aL

a n u m b e r  o f  a n a p lero tic  pathways.- T h e  e n z y m e s  o f  th e  T C A  cy c le  a r e  a ll  
e n c o d e d  by n u c le a r  g e n e s  a n d  a re  c o n s t itu d v e ly  e x p ressed . F u rth er  d e ta i ls  

. r e la t in g  to  th e  cy c le  an d  d iso r d e r s  a f f e c t in g  th is  pathw ay can  b e  fo u n d  in  
R u stin  etaL (1 9 9 7 ) a n d S c h e fH e r  (1 9 9 9 ) .

M eta b o lica lly  re la ted  e n z y m e s  o f  th e  cy c le  a p p e a r  to  b e  a sso c ia ted  to ­
g e th e r  w ith in  th e  m atrix  in  o r d e r  to  a llo w  fo r  su b stra te  c h a n n e lin g  (R o b in s o n  
a n d  S re r e , 1 9 8 5 ) . R e g u la tio n  o f  d ie - r y c le  o c c u r s  a t th e  lev e l o f  c itra te  syn ­
th a se , is o d tr a te  d e h y d r o g e n a se , a n d  a -k e to g lu ty r a te  d eh y d ro g en a se . T h u s ,  
a lte r a tio n s  in  th e  N A D H :N A D ‘*' ra tio , t h e  e n e r g y .c h a r g e , an d  c a lc iu m  c a n  
a ct to  r e g u la te  th e  T C A  cy c le .

F u n c t io n a l sp litt in g  o f  th e  T C A  c y c le  in to  c o m p le m e n ta r y  "m ini K reb s  
cycles"  h as b e e n  p r o p o se d  fVbdkoflF et al., 1 9 9 4 ) . I t  is  su g g ested  th a t  tw o  
in d e p e n d e n t  s e g m e n ts  o f  t h e  cy c le  e x is t ,  i .e . ,  fr o m  a -k eto g lu ta ra tc  to  o x ­
a lo a c e ta te  a n d  fro m  o x a lo a c e ta te  to  a -k e to g lu ta r a te . F o r  th ese  tw o c y c le s  to  
fu n c t io n , a sp arta te  a m in o  tra n sfera se  n e e d s  to  b e  p r e se n t  (F ig. 8 ) .  T h e  f in d ­
in g  o f  n o r m a l resp ira tion  ra te s  in  c e lls  d e r iv e d  fo r m  p a tien ts  w ith  T C A  c y c le  
d e fe c t s  is  su g g e s te d  to  arise  as a r e su lt  o f  an  u p r e g u la t io n  o f  th e  m in ic y c le  
w ith  th e  fu ll c o m p le m e n t  o f  en z y m e s  (R u stin  et al., 1 9 9 7 ).

C. M it o c h o n d r ia l  Fa tty  A c id  O x id a t io n

F atty  a c id s  a re  a  m q o r  e n e r g y  s o u r c e , p articu lar ly  d u r in g  p e r io d s  o f  
fa s tin g . W h ile  m o s t  tissues e x h ib it  a n  a b ility  to  o x id iz e  fatty a d d s , th is  p r o ­
c e ss  a p p e a r s  particu larly  im p o r ta n t  in  m u s c le  w h e r e  ap p ro x im a te ly  70%  o f  
e n e r g y  d e m a n d s , u n d e r  r e s t in g  c o n d it io n s , are m e t  by fatty a c id  o x id a t io n  
(D i D o n a to , 1 9 9 7 ) .

F atty  a c id s , d e p e n d in g  o n  ca rb o n  c h a in  le n g th  a n d  d eg ree  o f  u n  sa tu ­
r a tio n , ca n  b e  o x id iz e d , via a  n u m b e r  o f  r e a c tio n s  ( a ,  p , o r  co o x id a t io n ) ,  
w h ic h  u tiliz e  e n z y m e  system s fo u n d  w ith in  p e r o x is o m e s  an d  m ito c h o n d r ia . 
H o w ev er , w e  fo c u s  h ere  o n ly  u p o n  t h e  m ito c h o n d r ia l P o x id a t io n  o f  sa tu ­
ra te d  s tra ig h t c h a in  fatty a c id s . F u r th er  d e ta ils  r e la t in g  to  p ero x iso m a l fa tty  
a c id  m e ta b o lism , o x id a t io n  b ra n ch  c h a in ,  a n d  u n sa tu ra ted  fatty a c id s  ca n  
b e  fo u n d  in  M o ser  (1 9 9 7 ) a n d  W a n d ers  et al. (1 9 9 9 ) .

F o llo w in g  lib era tio n  fr o m  a d ip o se  t is su e , fa tty  a c id s  are tran sp orted  to  tis­
su e s  b o u n d  p r im arily  to  a lb u m in . T h e  c e llu la r  u p ta k e  a n d  tran sp ort o f  fa tty  
a c id s  fr o m  th e  c e ll  m e m b r a n e  to  th e  m ito c h o n d r io n  is p oor ly  u n d e r s to o d ,  
b u t m a y  in v o lv e  sp ec ific  m e m b r a n e  tra n sp o r ter s  a n d  cy toso lic  b in d in g  p r o ­
te in s . T h e  in itia l s te p  in  th e  p r o c e ss  o f  h a r n e ss in g  e n e r g y  from  fatty a c id s  is  
th e  g e n e r a t io n  o f  an  acyl-C oA  th io e s te r  fr o m  fr e e  c o e n z y m e  A  a n d  th e  c o r r e ­
s p o n d in g  fr e e  fatty acid . F or lo n g  c h a in  fatty  ac id s (g rea ter  than 12 ca r b o n s)
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th is  r e a c t io n  is cata lyzed  by a lo n g -ch a in  acy l-C oA  syn th etase  lo c a te d  o n  th e  
o u te r  m ito c h o n d r ia l m em b ra n e  (R o e  a n d  C o a te s , 1 9 9 5 ).

T h e  se r ie s  o f  rea c tio n s  that a re  in v o lv e d  in  fatty ac id  o x id a t io n  are  
ca ta ly zed  by g r o u p  o f  en zym es lo c a te d  o n  th e  m atrix  s id e  o f  th e  in n e r  m i­
to c h o n d r ia l m e m b r a n e  an d  w ith in  th e  m ito c h o n d r ia l m atrix. H ow ever, th e  
in n e r  m ito c h o n d r ia l m em b ran e  is  n o t  p e r m e a b le  to  lo n g -ch a in  ( > 1 2  ca rb o n  
u n its )  fa tty  acy l-C oA  esters. In  o r d e r  to  traverse th is m em b ra n e , a  tran sp ort  
system  in v o lv in g  ca rn itin e  has ev o lv ed  (B rivet et aL, 1 9 9 9 ).

1. Carnitine Transport of Long Chain Fatty Acids

C a r n it in e  p a lm ito y l transferase 1 (C P T  I ) , fo u n d  o n  th e  o u te r  m ito c h o n ­
dria] m e m b r a n e , transfers th e  fa tty  acyl m o ie ty  fro m  acyl C oA  to  c a rn it in e , 
le a d in g  to  th e  fo rm a tio n  o f  an acyl c a r n it in e . T h is  acyl ca rn it in e  is  th e n  
“s h u t t le d ,” by th e  c a r n it in e -a c y lc a m itin e  tra n s lo ca se , across th e  in n e r  m i­
to c h o n d r ia l m e m b r a n e , in  e x c h a n g e  fo r  fr e e  ca rn itin e . C arn itin e  p a lm itoy l 
tra n sfera se  II (C P T  II) th en  transfers th e  acy l g r o u p  b ack  to  C oA  a n d  th e  
lib e r a tio n  o f  fr e e  ca rn itin e . T h e  r e g e n e r a te d  fatty  acyl C oA  can  th e n  e n te r  
th e  ^ -o x id a t io n  sp iral.

C P T  I a n d  C P T  II have d if fe r e n t m ito c h o n d r ia l lo ca tio n s , are  d is tin c t  
p r o te in s , a n d  d isp lay  d ifferen t b io c h e m ic a l p r o p er tie s , e .g ., C PT  I, in  c o n ­
trast to  C P T  II, ca n  b e  in h ib ited  b y  m a lo n y l C o A  F u rth erm o re , C PT  I ex is ts  
as tis su e -sp ec if ic  iso form s, i.e , liv er  a n d  m u s c le  type th at are e n c o d e d  by  
g e n e s  th a t  a re  lo c a te d  o n  c h r o m o so m e s  11 a n d  2 2 , respectively . T h e  tw o iso ­
fo rm s a re  o f  s im ilar  size  (liver: 7 7 3  a m in o  a c id s , 88.1 kDa; M uscle: 7 7 2  a m in o  
a c id s , 8 8 .2  k D a ) , b u t they d iffer  in  th e ir  k in e t ic  p ro p ertie s . T issu e-sp ec ific  
iso fo r m s  o f  C P T  II h ave n o t b e e n  r e p o r te d . T h is  e n zy m e  is e n c o d e d  o n  
c h r o m o s o m e  1, a n d  a 658  a m in o  acid  p r o e n z y m e  is sy n th esized  th a t is im ­
p o r te d  in t o  th e  m ito c h o n d r io n . F o llo w in g  im p o r t, a  25  a m in o  a c id  le a d e r  
s e q u e n c e  is  r em o v ed . T h e  active p r o te in  h a s  an  ap p ro x im a te  m o le c u la r  
w e ig h t  o f  71  kD a. F u rth er  d eta ils  r e la tin g  to  th e  ca rn it in e  tran sp ort system  
ca n  b e  f o u n d  in  B rivet et al. (1 9 9 9 ) .

T h e  g e n e  fo r  th e  ca rn it in e -a c y lc a r n it in e  tra n slo ca se  h a s b e e n  a ss ig n ed  
to  c h r o m o s o m e  3 , an d  e n c o d e s  fo r  a p r o te in  co m p r is in g  o f  301 a m in o  
a c id s . In  c o m m o n  w ith  o th e r  m ito c h o n d r ia l carr ier  p ro te in s , th e  tra n s lo ca se  
c o n ta in s  a th r e e  fo ld  rep ea t s e q u e n c e  o f  a p p ro x im a te ly  100 a m in o  acids. 
F u r th e r m o r e , th e r e  are six tra n sm em b ra n e  a -h e l ic e s  that are c o n n e c te d  by  
h y d r o p h il ic  lo o p s  (In d iveri e ta l, 1 9 9 7 ).

2 . P-Oxida tion of Fatty A aids
T h e  c o m p le  te o x id a tio n  o f  u n sa tu ra ted  fa tty  acyl-C oA  m o le c u le s  to  acetyl 

C o A  is a c h ie v e d  by a ser ies o f  fo u r  e n z y m e  r e a c tio n s , i.e ., d e h y d r o g e n a tio n
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(o x id a t io n ) , hyd ration , fu r th e r  d e h y d r o g e n a tio n  (o x id a tio n ), an d  th io ly s is  
(F ig . 8 ) .

T h e  in itia l step  o f  fi o x id a t io n  is  ca ta ly zed  by a g ro u p  o f  en zy m es k n o w n  
as th e  acyl-C oA  d eh y d ro g en a ses . A t  le a s t  fo u r  en zym es h ave b e e n  id e n t i f ie d  
th a t ca ta ly ze  essen tia lly  th é  sa m e  r e a c tio n  b u t d isp lay sp ecific ity  tow ard  acy l-  
C o A  m o le c u le s  o f  d ih c H n g  c a r b o n  c h a in  len g th s . T h e se  en zym es, r e f é r f e d  
to  as t h e  sh ort-ch a in  (S C A D ), m ed lü A w zh a in  (MGAD)-, lo n g e h a in  (L O A D ), 
a n d  very  lo n g -ch a in  (V L C A D ) acy l-C oA  d eh y d ro g en a ses ,, in ser t a  d o u b le  
b o n d  b e tw e e n  th e  a  a n d  p  c a r b o n s  o f  th e  a c y fC o A  m o le c u le . A n  e n o y l-C o A  
m o le c u le  is  th e  p ro d u c t o f  th is  r e a c t io n , a n d  th e  e le c tr o n s  rem oved  fr o m  th e  
acyl C o A  are  d o n a ted  to  an  e le c tr o n  tra n s fer  fla v o p ro te in  (E T F). T h is  E T F  
is th e n  o x id iz e d  by E TF d e h y d r o g e n a se , le a d in g  to  fo rm a tio n  o f  u b iq u in o l ,  
w h ic h  is  o x id iz e d  by th e  E T C  (W a n d ers  et oL, 1 9 9 9 ).

T h e  tru e  r o le  o f  L C A D  in  th e  o x id a t io n  o f  fatty acids, in vivo, is  n o t  
c lea r . S tu d ie s , in vitro, su g g e s t  c o n s id e r a b le  o ver lap  in  sp e c ific !^  fo r  L C A D  
a n d  V L C A D . F u rth erm o re , c e ll  c u ltu r e  stu d ie s  su g g e s t  that V L C A D  is  e x ­
c lu s iv e ly  req u ir e d  for  p a lm ita te  ( C l  6 )  o x id a t io n . C u rren t data n o w  s u g g e s t  
th a t  th e  m zqor r o le  o f  L C A D  is  in  th e  o x id a t io n  o f  b r a n c h e d  ch a in  fa tty  a c id s  
a n d  it  is  p r o p o se d  th a t L C A D  b e  r e n a m e d  as lo n g -b ra n ch  ch a in  a c y fC o A  
d e h y d r o g e n a s e  (W an ders etaL, 1 9 9 8 ) .

C o n s id e r a b le  d ata  are  a v a ila b le  r e la t in g  to  SC A D , M C AD , a n d  L C A D . 
T h e  a c tiv e  fo rm s o f  th e se  e n z y m e s  a re  to  b e  (b u n d  in  th e  m ito c h o n d r ia l m a ­
tr ix  a n d  are  e a c h  c o m p o s e d  o f  fo u r  id e n t ic a l su b u n its  th a t b in d  FA D . T h e s e  
e n z y m e  su b u n its  are sy n th es ized  in  th e  cy to so l as p recu rsor  p r o te in s  th a t  
c o n ta in  le a d e r  se q u e n c e s  th a t d ir e c t  th e m  to  th e  m ito ch o n d r io n . F o llo w in g  
m ito c h o n d r ia l im p ort, th e  e n z y m e  s u b u n its  are  p ro c e sse d  in to  th e  a c tiv e  
e n z y m e s , i .e . ,  lea d er  s e q u e n c e s  are  r e m o v e d  fo llo w ed  by te tra m er iza tio n  
a n d  in c o r p o r a t io n  o f  FAD. V L C A D  is  b o u n d , in  co n tra st to  th e  o th e r  a cy l 
C o A  d e h y r o g e n a se s , to  th e  in n e r  m ito c h o n d r ia l m em b ra n e  a n d  is  id e a lly  
s itu a te d  to  rec e iv e  lo n g -ch a in  su b stra tes th a t  have b e e n  tran sp orted  b y  th e  
c a r n it in e  system  (W anders et al., 1 9 9 9 ) .

T h e  s e c o n d  step  in  fatty a c id  o x id a t io n  is hyd ration  o f  en o y l C o A  to  
fo r m  3-h yd roxyacyl C oA . C u r r e n t e v id e n c e  su g g ests  th a t th ere  are  at le a s t  
tw o  m ito c h o n d r ia l e n zy m es  th a t ca ta ly ze  th is r e a c tio n . S h o r tc h a in  e n o y l  
C o A  h y d ra ta se , a lso  k n ow n  as c r o to n a s e , is fo u n d  in  th e  m ito c h o n d r ia l  
m a tr ix  a n d  is  active, w ith  d e c r e a s in g  e ff ic ien cy , o n  en oyl-C oA  m o le c u le s  
o f  c h a in  le n g th  b e tw een  4  a n d  16  c a r b o n  u n its. C ro ton ase  is c o m p r is e d  
o f  s ix  id e n t ic a l su b u n its  th a t a re  sy n th e s iz e d  in  th e  cy toso l as p r e c u r so r s  
c o n ta in in g  m ito c h o n d r ia l ta r g e t in g  s ig n a ls . F o llo w in g  transport in t o  th e  
m ito c h o n d r ia  assem b ly  o f  th e  h e x a m e r  c a n  occur. T h e  lo n g -ch a in  e n o y l  
C o A  h y d ra ta se  is part o f  th e  m e m b r a n e -b o u n d  m ito ch o n d r ia l tr ifu n c tio n a l  
p r o te in  ( s e e  b e low ) (W an d ers etal., 1 9 9 9 ) .
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T h e  n e x t  step  in  o x id a t io n  is a  d e h y d r o g e n a tio n  reaction  ca ta lyzed  
by th e  3-hydroxyacyl C oA  d e h y d r o g e n a se s . A t  le a s t  tw o en zym es h a v e  b e e n  
id e n t if ie d  that have specific ity  fo r  sh o rt- a n d  lo n g -ch a in  hydroxyacyl C oA  
m o le c u le s . T h e  N A D H  g e n e r a te d  by th e se  e n z y m e s  is  u tilized  by th e  E T C  
fo r  A T P  synthesis. Short-chain  h yd roxyacy l-C oA  d eh y d ro g en a se  (S C H A D )  
is  a  d im e r  co m p rised  o f  id e n t ic a l su b u n its  (3 3  k D a). P recursor p r o te in s  
a re  sy n th esized  in  the cy toso l a n d  a re  tr a n sp o r te d  in to  th e  m ito c h o n d r ia l  
m atrix  w h ere  assem bly o f  th e  active  e n z y m e  o ccu rs . T h e  SC H A D  a p p ea rs  
to  h a v e  a broad  specificity, i .e . ,  is  c a p a b le  o f  o x id is in g  hydroxyacyl C o A  
m o le c u le s  o f  b etw een  4  a n d  16  c a r b o n  u n its . H ow ever, m axim al activ ity  
is  tow ard  su bstrates having b e tw e e n  4  a n d  10  ca rb o n  un its. L o n g -ch a in  
hydroxyacyl-C oA  d e h y d ro g en a se  (L C H A D ) is  m e m b r a n e  b o u n d  a n d  is a  
c o n s t itu e n t  o f  th e  m ito ch o n d r ia l tr if iin c tio n a l p r o te in  (s e e  b e lo w ). T h e  e n ­
zy m e  h as b road  substrate sp e c ific ity  a n d  d isp la y s m a x im a l activity tow ard  
h ydroxylacyl-C oA  m o lecu le s  h a v in g  b e tw e e n  12  a n d  16 carbons (W an d ers  
etal., 1 9 9 9 ).

T h e  h n a l stage  in  m ito c h o n d r ia l /? o x id a t io n  is th io ly tic  c leavage. In  th is  
s te p , th e  3 -oxoacy l C oA  g e n e r a te d  by S C H A D  o r  L C H A D  is sp lit in to  acety i- 
C o A  a n d  a sh o r te n e d  acyl-CoA  e s te r  th a t  ca n  r e e n te r  th e  o x id a tio n  sp ira l. 
T h e  acety l C oA  g en era ted  a t th is  s ta g e  ca n  th e n  b e  m eta b o lize d  fu r th er  
by th e  T C A  cycle . Two m ito c h o n d r ia l th io la se s  have b e e n  id e n tif ie d  th at 
a re  in v o lv e d  in  P ox id a tion ; a  g e n e r a l (m e d iu m -c h a in ) th io la se  a n d  a  th i- 
o la s e  a sso c ia ted  w ith  th e  m ito c h o n d r ia l tr ifu n c tio n a l p ro te in  (s e e  b e lo w ).  
T h e  g e n e r a l th io la se  is active tow ard  3 -o x o a cy l C oA  m o le c u le s , lo c a te d  in  
th e  m ito c h o n d r ia l m atrix, a h o m o te tr a m e r , a n d  i t  is active  toward 3 -oxoacy l 
C o A  m o le c u le s  w ith  b etw een  4  a n d  12 c a r b o n s  (W an d ers et al., 1 9 9 9 ).

T h e  m ito ch o n d r ia l tr ifu n c tio n a l p r o te in  (M T P ), as th e  n a m e su g g ests , 
d isp lays en oy l-C oA  hydratase, 3 -h yd roxyacy l-C oA  d eh y d ro g en a se , a n d  th io ­
la se  activity. T h is  in n er  m ito c h o n d r ia l m e m b r a n e  c o m p le x  has an  a p p ro x ­
im a te  m o le c u la r  w e ig h t o f  4 6 0  kD A , a n d  is a n  h e te r o c to m e r  c o m p r ise d  o f  
fo u r  a  a n d  fo u r  subunits. T h e  or su b u n its  a re  a sso c ia ted  w ith en o y l-C o A  
h yd ra tase  a n d  3-hydroxyacyl-C oA  d e h y d r o g e n a se  activity, w h ile  th e  ^  u n its  
c o n ta in  th e  th io la se  (U ch id a  etal., 1 9 9 2 ) .

D . K e t o n e  B o d y  M et a b o l ism

P la sm a  leve ls  o f  th e  k e to n e  b o d ie s , a c e to a c e ta te  a n d  3 -h yd roxyb utyrate, 
s ig n ifica n tly  rise d u rin g  p e r io d s  o f  starvation  as a  r esu lt o f  acce lera ted  catab­
o lism  o f  fatty a c id s (G irard et al., 1 9 9 2 ) . U n d e r  su ch  c o n d it io n s , en tr y  o f  
a ce ty l C o A  in to  th e  TCA  cy c le  is lim ite d  as o x a lo a c e ta te  is also b e in g  u sed  
fo r  g lu c o n e o g e n e s is .  T h ree  m ito c h o n d r ia lly  lo c a te d  en zy m es are in v o lv ed  in
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th e  fo r m a tio n  o f  a ce to a ce ta te . T h u s , in  th e  p resen ce  o f  a ce toacety l-C oA  th io ­
la se , tw o m o le c u le  o f  acetyl C o A  a re  u tiliz e d  to  form  a ce to a ce ty l C oA . A  th ird  
m o le c u le  o f  acetyl C oA  is th e n  u tiliz e d  to  form  3-hydroxy-3-m ethylglu taryl 
C oA  (H M G  C oA ) a  rea c tio n  ca ta ly zed  by H M G -C oA  synthase. T h e  H M G  
C o A  so  fo rm ed  is th en  fu r th e r  m e ta b o liz e d  by a H M G -C oA  lyase to  fo rm  
a c e to a c e ta te  an d  acety l C oA . In  th e  p r e s e n c e  o f  N A D H , th e  a c e to a c e ta te  
is r e d u c e d  to  3-hydroxybu tyrate by  3-hydroxybu tyrate d e h y d r o g e n a se . T h e  
liver  is  trad ition a lly  c o n s id e r e d  to  b e  a m a jo r  s ite  o f  k e to g e n e s is , w h ile  bra in  
m u s c le  a n d  h eart are  re ferred  to  as n o n k e to g e n ic . H ow ever, s tu d ie s  h ave  
p r o v id e d  e v id en ce  to  su g g e s t  th a t th e  b ra in  m ay h a v e  th e  fu ll c o m p le m e n t  
o f  e n z y m e s  req u ired  fo r  k e to n e  b o d y  p r o d u c tio n  (C u U in gford  et aL, 1 9 9 8 ).

D u r in g  p er io d s o f  starva tion , k e to n e  b o d ie s  b e c o m e  an  in crea s in g ly  im ­
p o r ta n t  m eta b o lic  fu e l fo r  th e  b ra in . A c e to a c e ta te  a n d  3-hydroxybu tyrate, 
g e n e r a te d  by th e  liver, read ily  c r o ss  th e  b lo o d -b r a in  b arrier  a n d  a re  su b se ­
q u e n tly  m eta b o liz e d . 3 -H yd roxyb u tyrate  d e h y d r o g e n a se , lo c a te d  o n  th e  in ­
n e r  m ito c h o n d r ia l m e m b r a n e , fo r m s a ce to a ce ta te  a n d  N A D H  from  
3-hydroxybutyrate. In  th e  p r e s e n c e  o f  5 -ketoacyl-C oA  tran sferase , C oA  is 
tra n sferred  from  su ccin y l C o A  to  a c e to a c e ta te , th ereb y  fo r m in g  su c c in a te  
a n d  a ce to a ce ty l C oA , Finally, in  th e  p r e s e n c e  o f  fr e e  C o A  a n d  a ce to a ce ty l-  
C o A  th io la se , two m o le c u le s  o f  a cety l C o A  are  fo rm ed . T h is  acetyl C o A  ca n  
th e n  b e  o x id iz e d  via th e  T C A  cy c le  (M itch e ll et al., 1 9 9 5 ).

IV. Concluding Remarks

O p tim a l m ito ch o n d r ia l fu n c t io n , as d iscu ssed  a b o v e , is c learly  e ssen tia l  
fo r  c e ll  survival. In v iew  o f  th is cr itica l r o le , it is p erh a p s n o t  su rp r is in g  th a t  
in h e r ite d  d e fic ie n c ie s  a ffe c tin g  m ito c h o n d r ia l m eta b o lism  are o fte n  a ssoc i­
a te d  w ith  a strik ing  c lin ica l p ic tu r e . F u rth erm o re , th ere  is a n  in c r e a s in g  b od y  
to  e v id e n c e  to  su g g es t th at m ito c h o n d r ia l d y sfu n ctio n  o ccu rs  in  a n u m b e r  
o f  n e u r o d e g e n e r a t iv e  d iso rd ers. S u b se q u e n t  ch a p ters in  th is b o o k  c o n s id e r  
p o te n t ia l  m ech a n ism s a n d  th e  m e ta b o lic  c o n se q u e n c e s  o f  im p a ir e d  m ito ­
c h o n d r ia l fu n c t io n .
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