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Abbreviations

AA arachidonic acid

ALS amyotrophic lateral slcerosis

AMPA a-amino-3-hydroxy-5-methyl-4-isoxazole-proprionate

ATP adenosine triphosphate

CGRP calcitonin gene-related peptide

CNS central nervous system

CSF cerebrospinal fluid

DOPAC 3,4-dihydroxyphenylacetic acid

DTNB 5.5' dithio-bis-2 nitrobenzoic acid

GR Glutathione reductase

GSH glutathione

GSHPx glutathione peroxidase

HVA homovanilic acid

KA kainate

MA migraine with aura

MDA malondialdehyde

MPP+ l-methyl-4-phenylpyridinium

MPTP l-methyl-4-phenyl-l,2,3,4-tetrahydropyridine

MRI magnetic resonance imaging

MS multiple sclerosis

MwA migraine without aura

NADP nicotinamide adenine dinucleotide phosphate

NADPH reduced nicotinamide adenine dinucleotide phosphate

NEM N-ethylmaleimide

NMDA N-methyl-D-aspartate

NOS nitric oxide synthase

PBN N-tert-butyl-alpha-phenyl nitrone

PCr phosphocreatine

PD Parkinson’s disease

PLA2 phospholipase A2

SOD superoxide dismutase

TBA 2-thiobarbituric acid
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Summary

Recent data suggesting many common pathobiochemical steps in clinically different 

neurological diseases, including multiple sclerosis (MS), Parkinson’s disease (PD), 

amyotrophic lateral sclerosis (ALS) and migraine. Elevated intracellular Caf levels, 

increased free radical production and excitotoxicity are among of these pathoneurochemical 

mechanism. The goals of these studies were (i) to examine excitotoxicity in MS and 

migraine; (ii) to study the role of non-enzymatic antioxidants in MS and the enzymatic 

antioxidants in an animal model of PS; (iii) to test new therapeutic drugs (such as spin traps 

and creatine) in animal models of PS and ALS.

The concentration of excitotoxic amino acids in CSF of patients with MS did not change, 

while in patients with migraine the concentration of gluamate, serine, glycin, arginine and 

thyrosin in saliva were elevated. The non-enzymatic antioxidants in serum of patient with 

MS revealed mark oxidative stress. Mice lacking glutathione peroxidase enzyme showed 

increased vulnerability to MPTP neurotoxicity, while toxicity was reduced in mice deficient 

in cellular phopholipase A2 and in mice overexpressing Mn superoxide dismutase. The 

azulenyl, tempói and MDL spin traps showed significant neuroprotection against MPTP 

neurotoxicity, while the creatine had therapeutic benefit in a genetic model of ALS. These 

data indicate that despite of different clinical features of these neurological disorders, 

excitotoxicity and oxidative stress may play a role in the pathogenesis and offering new 

therapeutic possibilities in the near future.



1. Introduction

1.1 Free radicals-reactive oxygen species

A free radical is any species that contains one or more unpaired electrons. Most of the free 

radicals are highly unstable that can remove an electron from neighboring molecules to 

stabilize its own structure. This leads to oxidation of this neighboring molecules including 

DNA, proteins and membrane lipids. The most reactive oxygen species is hydroxyl radical 

(OH') which half life is very short, so it reacts at site where it is produced. The hydroxyl 

radicals are though to be the main mediator of cell damage. Superoxide radical (02') is 

much less reactive then the hydroxyl radical but can cross membranes and able to act not 

only the site where it is produced. This means it is capable of inactivating enzymes, 

including aconitase and complex I of the electron transport chain. Hydrogen peroxide 

(H202) is enzymically converted from superoxide radical also can cross membranes and can 

inactivate cellular enzymes. However hydrogen peroxide reacts with transition metals to 

generate hydroxyl radicals. Fenton-type reaction occurs when Fe2 donates an electron to 

H202to form highly reactive hydroxyl radical (1).

1.2. Reactive nitrogen species

Nitric oxide (NO*) is formed by the enzymatic oxidation of L-arginine to citrulline catalyzed 

by nitric oxide synthase (NOS). NOS is present in cytosolic and microsomal fractions only 

and so far there is no evidence for NO* production in mitochondria. Nitric oxide is a very 

important physiological mediator, modulator and has critical role in the neurotransmission, 

regulation of blood pressure, inhibition of platelet aggregation and modulation of immune 

response. NO* is a remarkably stable radical, biological half-life is seconds. The reaction of 

NO* with superoxide radicals leads to the formation of peroxynitrite (ONOO) (2). This 

reaction is extremely fast, faster then the dismutation of superoxide. Therefore peroxynitrite 

formation depends on the concentration of superoxide and NO*. Both can be produced by 

nitric oxide synthase (3). This radical is extremely reactive and its formation does not 

require transition metals. Peroxynitrite is able to diffuse to surrounding cells causing tissue 

damage.
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The major intracellular source of free radicals are prostaglandin synthesis, 

endoplasmatic reticulum and mitochondria. The enzymes of prostaglandin synthesis can 

abstract electron from NADH/NADPH resulting radical form of these nucleotides. This 

forms then can be oxidized by molecular oxygen to produce superoxide. Phospholipase A2’s 

comprise a family of enzymes that hydrolyze phospholipids to generate free fatty acids and 

lysophospholipids. These enzymes are involved in phospholipid turnover, membrane 

remodeling and repair (4). The phospholipids of mammalian cells is enriched with 

arachidonic acid (AA), the precursor of eicosanoids. Thus PLA2’s are important for 

generation of prostaglandins and leukotrienes (eicosanoids) and platelet activating factor, all 

potent mediators in the nervous system. Substantial evidence suggests that under 

pathological conditions increased cytosolic PLA2 activity may result in the loss of essential 

membrane glycerophospholipids, resulting in altered membrane permeability, ion 

homeostasis, increased fatty acid release, and accumulation of lipid peroxides. Another 

mechanism by which increased PLA2 activity may contribute to cell damage is by increasing 

the production of reactive oxygen species (5). A significant impediment to the study of the 

role of PLA2 in neuronal cell death has been the lack of specific and potent pharmacologic 

inhibitors. This difficulty has been surmounted by genetically altered mouse lines (6). In the 

endoplasmatic reticulum the reduced form of NADPH cytocrome P450 reductase leaks 

electrons to oxygen forming superoxide. The mitochondria are the most important 

physiological source of free radicals. The energy production involved the transfer of 

electrons through the electron transport chain which can lead to the generation of free 

radicals. Several observations provide evidence that ubiquinone and NADH dehydrogenase 

are the site of free radical production (7).

1.3. Spin traps

Free radical spin traps have been utilized to trap short-lived reactive radicals like hydroxyl 

radicals as the resultant nitroxide is a more stable radical and can be detected using electron 

spin resonance spectroscopy (8). A series of nitrone which are cyclic variants of a-phenyl- 

tert-butyl nitrone (PBN) was recently described (9,10). The novel nitrone spin traps possess 

a number of theoretical advantages over conventional spin traps such as N-tert-butyl-alpha- 

phenyl nitrone (PBN). In addition to generating stable secondary radicals after quenching 

reactive paramagnetic species, chain-breaking antioxidant which efficiently neutralize
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reactive free radicals, also commonly possess low oxidation potential (11). These electron- 

rich nitrones readily give up an electron to oxidizing radicals may lead to more efficient 

formation of nitroxide spin adducts. The unsubstituted cyclic variant MDL 101,002 was 

approximately eight-fold more potent then PBN in inhibiting lipid peroxidation, and 20-25 

times more potent than PBN in trapping hydroxyl radicals (12). Tempói (4-hydroxy-2,2,6,6- 

tertamethyl-piperidine-l-oxyl) is another promising free radical spin trap which may be 

particularly effective in scavenging peroxynitrite (13). The azulenyl nitrones possess far 

lower oxidation potential those of previously investigated. Guaiazulene the starting material 

for synthesis of the azulenyl nitrones is itself known to exhibit antioxidant and 

antiinflammatory properties. Compared to conventional nitrones, azulenyl-based spin traps 

may exhibit improved antioxidant function and may more easily penetrate the blood-brain 

barrier (14).

1.4. Creatine

The major energy store in the brain is ATP, which is coupled to the creatine system. 

Creatine kinase is a key enzyme in regulating energy metabolism in cells. This enzyme 

catalyzes the reversible transfer of the phosphoryl group from phosphocreatine (PCr) to 

ADP to generate ATP. Several cytoplasmatic and mitochondrial form have been identified. 

Mitochondrial isoform is located at contact sites between the inner and outer membranes 

where it is associated with porin. Increasing body of evidence suggests that the creatine 

system is important in regulating energy homeostasis in the brain. Creatine has been shown 

to effectively stimulate mitochondrial respiration leading production of Per (15). Creatine 

and its analogues modulate rates of ATP production through the creatine kinase system.

1.5. Excitotoxic amino acids

The majority of excitatory synaptic responses in the mammalian central nervous system are 

elicited by amino acids such as L-glutamate or L-aspartate and are mediated by four 

different receptor subtypes. Three of these receptors are coupled to iontophores and are 

known as the N-methyl-D-aspartate (NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazole- 

proprionate (AMPA) and the kainate (KA). The fourth receptor subtypes is linked to 

phosphoinositol cascade and is known as the metabotrophic receptor. The work of Lucas
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and Newhouse (16) first showed that the glutamate can have a toxic effects on neurons in 

the CNS. The work by Olney and coworkers (17) linked activation of excitatory amino acid 

receptors to neurotoxicity of glutamate and its analogues and led to the concept of 

excitotoxicity. Studies on molecular mechanism of neuronal injury caused by excessive 

stimulation of glutamate receptors showed that glutamate may be toxic to neurons in several 

way. The NMDA receptor is coupled with a voltage-gated calcium channel and its 

stimulation cause elevated intracellular Ca levels. The activation of non-NMDA receptors 

(AMPA, KA) result an influx of Na+ followed by influx of Ca . The destabilization of 

intracellular Ca level activates protein kinase, phospholipase, protease, nitric oxide 

synthase, impairs mitochondrial function, generates free radicals and initiates apoptosis (18). 

These processes lead to cell death. The acute excitotoxicity may play a role in ischemia- 

reperfusion injury and in trauma. Secondary or weak excitotoxicity emphasizing increased 

neuronal susceptibility to excitotoxins and may be better able to explain the different 

patterns of cell death seen in neurodegenerative diseases. There are two hypothesis: 

abnormality in excitatory amino acid receptor subtypes, or impairment of cellular 

metabolism could initiate neuronal cell death (19).

1.5. Antioxidant defenses

Cell has a potent array of antioxidant defenses whose role is to neutralize and reduce the 

effects of reactive oxidizing intermediates. Antioxidant systems are either enzymatic or non- 

enzymatic.

1.5.1. Noil-enzymatic antioxidants

Non-enzymatic antioxidants are biomolecules of non-protein nature that can remove 

oxidants by non-enzymatic mechanism and that can be regenerated either enzymically or 

non-enzymically. Much of the damage performed by 02‘ and H202 via formation of more 

reactive species such as OH'. The antioxidant enzymes decompose 02‘ and H202, 

minimizing the OH' formation, because OH’ is an extremely reactive species, it reacts at the 

site of formation. Therefore, the cells must have low molecular weight, non-enzymatic 

antioxidants that serve as a OH* scavengers. In mitochondria GSH and Coenzyme Q 

(ubiquinol-10) are the most important low molecular weigh antioxidants. Other radical
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scavenging antioxidants in the blood include plasma free sulphydryl groups (-SH groups), 

a-tocopherol, retinol and uric acid. These molecules function individually at their own sites, 

but may also act cooperatively or in a synergistic way to afford appropriate protection 

against oxidant attacks (20).

Glutathione (GSH)

GSH is a simple tripeptide that is present in all eukaryotic cells. GSH is synthesized within 

the cytosol from the amino acids glutamate, cysteine and glycine by enzymatic process using 

ATP as an energy source. Ninety percent of GSH is stored in the cytosol while 

approximately 10 percent stored in the mitochondria, as the mitochondria are unable to 

synthesize GSH. This portion of GSH appears essential for normal mitochondrial function. 

Under pathological conditions cytoplasmatic GSH is rapidly depleted, while the 

mitochondrial GSH appears to be relatively spared at least in a short time. GSH molecule 

exists either in reduced (GSH) or the oxidized (GSSG) form. GSSG is produced from GSH 

by glutathione peroxidase (GSHPx) and degrades hydrogen peroxides and lipid 

hydroperoxides. The activity of GSHPx is dependent on adequate GSH and selenium. The 

cell maintain the cellular level of GSH predominantly (>90%) in the reduced state. The 

enzyme GSSG reductase reduces GSSG to GSH using NADPH as the reducing agent. 

NADPH is regenerated from NADP by the pentose-phosphate shunt pathway (21).

Ubiquinol-10

Ubiquinone is localized in the inner mitochondrial membrane serving as an electron and 

proton carrier in the mitochondrial respiratory chain. In recent years evidence has 

accumulated that strongly suggests that ubiquinone in its reduced form (ubiquinol) acts as 

an antioxidant and this function is independent of vitamin E (9).

1.5.2. Antioxidant enzymes

Superoxide dismutase (superoxide: superoxide oxidoreductase E.C. 1.15.1.1.-SOD)

SOD catalyzes the dismutation of 02*. Since the rate of enzymatic dismutation is 104 times 

faster than spontaneous one and the SOD is present in micromolar concentrations, most 02’ 

will dismutase enzymically (21). Thus SOD is protective, because it maintains a low
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concentration of 02' preventing direct reaction of 02* with molecular targets or the 

formation of stronger oxidants such as OH' or peroxynitrite anion (via it is combination 

reaction with NO').

Several different SOD have been found. The intracellular SODs consist of MnSOD which is 

localized within mitochondrial matrix and Cu/Zn SOD localized predominantly in 

cytoplasmic and nuclear compartments. Another Cu/Zn SOD was found predominantly in 

extracellular compartments (22, 23).

Glutathione peroxidase (Glutathione: Hydrogenperoxide Oxidoreductase E.C.1.11.1.9- 

GluPx)

Glutathione peroxidase is located in cytosolic and mitochondrial compartments (24). 

Hydrogen peroxide is reduced to water at the expanse of reducing equivalents of 

glutathione (GSH). The product of the reaction, oxidized glutathione (GSSG), is reduced 

back to GSH via a NADPH-dependent glutathione reductase.

Catalase (Hydrogen-peroxide:Hydrogen-peroxide oxidoreductase, E.C. 1.11.1.6.) 

Catalase has been found in peroxisomes. In most tissues there is no mitochondrial isoform 

Still catalase is present in heart mitochondria and has been suggested to be present in brain 

mitochondria also (21). Although activity of catalase is thought to be low in the brain. 

Catalase is a heme protein that decomposes hydrogen-peroxide to oxygen and water.

1.6. Neurological diseases involved oxidative stress and excitotoxicity

Multiple sclerosis

Multiple sclerosis (MS) is a common inflammatory demyelinating disease of unknown 

origin. There are many theories to explain the morphological and pathochemical changes in 

this disease. The autoimmune model is well known (25), as are the growth factor theory 

(26), the virus theory (27), and the postulated role of genetic factors (28). Many peptides 

are assumed to be involved in the mechanism of this disease, such as somatostatin, 

neuropeptide Y (29). Currently one of the most interesting theories is related to excitatory 

amino acids and oxidative stress (20). It is well established that glial cells have receptors for
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the neurotransmitter L-glutamate, and express more than one type of glutamate receptors 

(30, 31). As oligodendrocytes have binding sites for these amino acids (glutamate, 

aspartate, serine) (32), it is possible that they are involved in the mechanism of many 

neurological diseases such as demyelinating disorders. Several studies have demonstrated 

the role of increased free radical production and/or decreased antioxidant defense in CNS as 

pathogenic factor of MS. While the principal site of pathology is the CNS, the lipid status 

and the membrane properties in the platelets and erythrocytes in the peripherial blood are 

also altered. Increased lipid peroxide levels have been observed both in the CSF and in the 

blood of MS patients (33, 34). Catalase, superoxide dismutase, glutathione peroxidase and 

glucose-6-phosphate dehydrogenase display different activities in the erythrocytes of 

patients and controls (34, 35, 36, 37, 38, 39). Insufficient vitamin A and E supplementation 

was suggested to be a risk factor for the onset of the disease (40), however other studies 

did not found alteration of the plasma levels of these vitamins (41, 42).

Parkinson ’s disease

Idiopathic Parkinson’s disease (PD) is characterized by major clinical disturbances caused 

by dopamine depletion in the corpus striatum, resulting from neuronal loss in the substantia 

nigra (SN) The dopamine depletion is the result of severe degeneration of the dopaminergic 

nigro-striatal pathway. One of the basic mechanism proposed to explain brain cell loss in PD 

is the production of toxic free radical species. Human postmortem studies in parkinsonian 

patients showed reduced catalase and peroxidase enzymatic activity in SN (36 and 61% 

respectively) and in striatum (33 and 51% respectively) (43) and glutathione peroxidase 

activity in SN (19%) (44). Others are failed to detect any alterations in glutathione 

peroxidase activity in brain (45). The total glutathione content of the SN was shown to be 

lowered in patients with PD (46). The mitochondrial form of superoxide dismutase 

(MnSOD) was shown to be increased in the SN and striatum in patients with PD, whereas 

the cytosolic form (copper/zinc SOD) was unaltered (47). Mantilla et al reported opposite 

findings: increased Cu/Zn SOD and no change of the Mn SOD. Recent findings suggest that 

increased enzyme activity is the result of an increase enzymatic activity, not of an increased 

SOD synthesis (48). Analysis of oxidative phosphorilation in PD postmortem brain has 

demonstrated an approximate 37% decrease in complex I activity in substantia nigra, 

although other reports have suggested additional defects in complex II-III (49).
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Toxin model of Parkinson ’s disease.

l-methyl-4-phenyl-l,2,3,4-tetrahydropyridine (MPTP) is a neurotoxin which produce 

parkinsonian syndrome in both human and animals. Pathologic studies show severe 

degeneration in the pars compacta of the substantia nigra after systemic M PTP 

administration. Studies of the mechanism of MPTP neurotoxicity demonstrated that 1- 

methyl-4-phenylpyridinium (MPP’), the major metabolite of MPTP is responsible for 

neuronal injury. MPP formation is catalyzed by monoamine oxidase B. Inhibitors of this 

enzyme block the neurotoxicity of MPTP in both mice and primates (50). MPP once 

formed is taken up into dopaminergic neurons by synaptic dopamine transporter. Blockers 

of this transporter prevent neurotoxicity (51). MPP ' appears to bind to complex I near the 

rotenone binding site (52). This binding produces an impairment of oxidative 

phosphorylation and this inhibition correlates well with neurotoxic effect of MPP' . 

Impairment of mitochondrial respiration can lead to enhanced generation of free radicals, 

rapid depletion of ATP levels, accumulation of NADH and lactate and significant alteration 

in the cellular calcium content (51).

Amyotrophic lateral sclerosis (ALS)

ALS is a progressive neurodegenerative disease in adults that occurs in familiar and 

sporadic forms. Sporadic ALS accounts for approximately 90% of reported cases. The 

cause of this form is unknown and current treatments are marginally useful in reducing the 

progression of disease. Five to ten percent of ALS cases are familiar (FALS). In the most 

cases the pattern of inheritance is autosomal dominant, however few families with an 

autosomal recessive form have been reported. Twenty percent of FALS are linked to 

chromosome 21 and are associated with mutation in Cu/Zn SOD (53). At present, more 

then 60 missense mutation in gene have been reported in FALS patients. Genetic basis of 

the remaining 80% of dominantly inherited FALS has not been identified. These mutations 

result in reduced Cu/Zn SOD activity in vitro, however much evidence suggest a novel gain 

of function of the enzyme rather than a loss of function. The degree of reduction of enzyme 

activity does not correlate with either age of onset, duration or severity of the disease. On 

the other hand in mice genetic elimination of enzyme does not produce motor neuron 

disease, while genetic overexpression of mutant SOD cause an ALS-like symptoms, despite 

normal or elevated Cu/ZN SOD activity (54). The way as the mutant enzyme leads to cell 

death is unknown. Thp-site-oCthe mutations in the enzyme suggest that they may interfere
<o A\
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with normal structure or could disrupt zinc binding. This could increase of the active site to 

either hydrogen peroxide or peroxinitrite. Recent studies showed increased hydroxyl 

radicals formation and 3 nitrothyrosine concentration, which is a marker for peroxinitrite 

mediated damage to proteins (55). Beside the elevated free radical formation several other 

mechanism could be involved, such as excitotoxicity or neurofilament damage (56).

Migraine

The pathogenesis of migraine is unknown. Besides the vascular, inflammatory and 

biochemical hypotheses (57), migraine has been suggested to be a genetically determined, 

multisystemic disease (58, 59). In patients with familial hemiplegic migraine, a genetic 

mutation was recently detected in the brain-specific P/Q Ca2" channel а-l subunit 

(CACNL1 A4) on the 19p 13 chromosome. This raises the possibility that migraine is a 

multisystemic ion-channel disease (58). Phosphorus nuclear magnetic resonance 

spectroscopy revealed a decreased energy metabolism in the central nervous system (CNS) 

and in the muscle (a reduced brain phosphocreatine content, accompanied by a high ADP 

concentration and a reduced rate of phosphocreatine recovery after exercise in the skeletal 

muscle), which is indicative of a mitochondrial functional disturbance in migraine (60). High 

Glu (61, 62, 63), and y-aminobutyric acid (64) concentrations have been found in the 

plasma and saliva in migraineurs. These differences of genetic, biochemical and 

mitochondrial origin suggest that the amino acids may cause hyperexcitability in the CNS.

1. 7. Aims of the studies

Despite the different clinical features of these neurological diseases, they share many 

common pathobiochemical steps in the pathogenesis including elevated intracellular CaH 

levels, increased free radical production, glutamate receptor activation, mitochondrial 

dysfunction and energy deficit. The aims of these experiments were to study these common 

neurochemical mechanisms. During this work we are addressing the following questions:

1. To evaluate the role of excitatory amino acids in MS and migraine.

2. To study the antioxidant defense system in MS.

3. To examine genetic manipulation of different enzymes and their effects on MPTP toxicity

4. To observe the effects of spin traps in a toxin model of Parkinson’s disease.

5 . To study the role of creatine supplementation in a transgenic animal model of ALS.
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2. Methods

2.1. Patients

In the amino acids in MS study 17 patients with MS (proved by clinical signs, MRI scans 

and CSF tests) (10 males and 7 females), and 9 age-matched controls (5 males and 4 

female) with lower back pain were included (18). The CSF of the control patients was 

obtained by myelography. None of the subjects was on any medication or had received 

steroid therapy during the previous 6 months. A lumbar puncture to collect CSF was 

performed between 9 and 11 a.m. and 1 ml for determination of the amino acid levels was 

immediately frozen and stored at -70 C° until measured. A 2 ml aliquot of CSF was used to 

obtain cell counts and to measure of protein levels and immunglobulins (by means of 

nephelometric methods). The CSF of the patients with MS demonstrated intrathecal IgG 

synthesis and oligoclonal bands on electrophoresis, whereas the CSF of the control group 

exhibited no such disturbances.

Twenty six patients (7 males, 19 females) with relapsing-remitting form of MS were 

included in the non-enzymatic antioxidants in MS study (20). They were non-smoker and 

received no steroid therapy or vitamin supplementation during the 3 month prior the 

investigation. The diagnosis was proved by means of clinical signs, MRI scans, CSF and 

electrophysiological tests. Patients were divided into three groups: exacerbation groups 

(patients with marked neurological signs,-mean EDSS score 4.55, n=7); remission group 

(patients in remission without any therapy, mean EDSS score 3.21, n=12); remission +IF 

group (patient in remission treated with 8M IU ß-interferon (Betaseron R)sc. every other day 

for 2 month, mean EDSS score 3.40, n=6). Nine age-matched individuals with lower back 

pain served as controls.

In the amino acids in migraine experiment we studied 23 subjects with MwA and 14 with 

MA according to the IHS classification (65). The control group consisted of 20 healthy, 

drug-free volunteers. Exclusion criteria were a disease history shorter than 2 years, a drug- 

free period of less than 2 weeks, pregnancy, breast-feeding, medical or neurological disease, 

and poor compliance (66). Unstimulated whole saliva was collected between 10 a.m. and 2
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p in. by the spitting method (67). The mouth was rinsed thoroughly with deionized water 

prior to saliva collection and the subjects were then instructed to rest for 5 minutes and to 

minimize their orofacial movements. The subjects collected the saliva in 2-ml test. The 

saliva was allowed to accumulate in the floor of the mouth and the subject spat it out into 

the tubes every 60 seconds. Samples were cooled to +4 °C and centrifuged at 3000 g at 4 

°C for 15 minutes to obtain the supernatant, which was stored at -80 °C.

2.2. Experimental animals

Transgenic mice overexpressing human MnSOD

In that study a transgene containing the human MnSOD cDNA and the human beta actin 5' 

flanking sequence and promoter was constructed (68). Transgenic mice were found to have 

increased expression of MnSOD transgene in numerous tissues and immunogold staining 

showed that the human MnSOD is localized to mitochondria (23). The total MnSOD 

activity in brain homogenates was 50% higher in the transgenic animals then in the wild type 

controls.

Mice deficient in cytosolic phospholipase A 2

These studies were evaluated in littermate controls (cPLA2/+), heterozygous (cPLA2 ~) and 

homozygous knockout (cPLA2' ‘) mice (5). The animals were generated by gene targeting in 

mouse embrionic cells to disrupt an exon in the cPLA2 gene generating a null allele (6). The 

functional efficacy of the deletion has been confirmed by Western blot (6).

Glutathione peroxidase knock out mice

Mice deficient in cellular GSHPx were provided by Dr. Julie Andersen of University of 

Southern California (Los Angeles, CA USA). The GSHPx knockout mice were generated 

as previously described (69) by insertion of neomycin resistance gene cassette into EcoRl 

site located in exon 2 of the GSHPx mouse gene. This introduces a BamHI site into exon 2, 

which gives a 4.3 kb band on Southern blot analysis instead of the 11 kb band found in the 

normal controls
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Transgenic animal model of ALS

Transgenic mice containing G93 A human Cu/Zn SOD mutation (G-»A point mutation at 

position 93 of gene) line were obtained from Jackson Laboratories (Bar Harbor, Maine, 

USA). G93A male mice were bred with female littermates locally. The offsprings were 

genotyped by PCR assay of DNA obtained from tail tissue. Mice were fed either a diet 

supplemented with 1% creatine (n=7) or 2% creatine (n=7) starting at 70 days of age (56).

Survival

G93A transgenic mice initially show high-frequency resting tremor, which progress to gait 

abnormalities, paralysis of the hindlimbs. then to paralysis of the forelimbs and finally to 

complete paralysis. Mice were sacrificed when they could no longer roll over within 10 

seconds of being pushed on their side. This time point was used as the time of death (56).

Behavioral test for motor performance (rotorod)

Mice were given 2 days to become acquainted with the rotorod apparatus (Columbus 

Instruments, Columbus, Ohio) Then test began with the mice trying to stay on the rod that 

was rotating at 1 rotation/min (rpm). The speed was increased by 1 rpm every 10 seconds 

until the mouse fell off. Each mouse was given 3 trials. The average speed of the rod 

rotation at which the mouse fell off was used as the measure the competency on this task. 

Mice were tested every other day until they could no longer perform the test (56).

MPTP injections and dopamine measurements

MPTP (15 or 20 mg/kg, 5 ml/kg, pH 7,4, i.p.) was administrated four to 4 or 5 times at 2 h 

intervals to the mice. An additional set of animals of each type was treated with 0.1 M 

phosphate-buffered saline (PBS, 5 ml/kg, i.p.) at the time of MPTP injections. The mice 

were sacrificed at one week and both striata were rapidly dissected an chilled glass plate and 

frozen at -70 °C until measurements. The samples were subsequently thawed in 0.25 ml 

chilled 0.1 M perchloric acid and sonicated. Aliquots were taken for protein quantification 

using fluorometric assay (5, 12, 15, 23). Other aliquots were centrifuged and dopamine, 

3,4-dihydroxyphenylacetic acid (DOPAC) and homovanilic acid (HVA) were measured in 

supernatants by HPLC and electrochemical detection. Concentration of dopamine and 

metabolites were expressed as nanograms per milligrams of protein (mean +/- sem).
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MPP levels

То determine whether MPTP uptake or metabolism was altered MPTP 20 mg/kg i.p. was 

administrated twice 2 hr apart and mice were sacrificed 1.5-2 hr after the last dose. MPP 

levels were quantified by HPLC with UV detection at 295 nm. Samples were sonicated in 

0.1 M perchloric acid and an aliquot of supernatant was injected onto a Brownlee aquapore 

X03-224 cation exchange column (Rainin, Woburn, MA USA). Samples were eluted 

isocratically with 90% 0.1M acetic acid 75 mM triethylamine hydrochloride (pH 2.3) with 

formic acid and 10% acetonitrite (5, 12, 15, 23).

Spin traps

To test the efficacy of spin traps MPTP was administrated in 0.1 ml of water (pH adjusted 

to 7.4) or 0.1 ml of peanut oil to male Swiss-Webster mice weighing 30-35 g (n=12).

MPTP was given at a dose of 15 mg/kg i.p. for 5 doses at 2 h intervals. Azulenyl spin traps 

were dissolved either in peanut oil or in saline and administered i.p. The initial dose was 

given lh before toxin then with each dose of MPTP and at 6, 12 and 24 h after last dose of 

MPTP (14).

MDL 101,002 was generously supplied by Dr. Craig Thomas of Hoechst Marion Roussel. 

MPTP studies were carried out in male Swiss-Webster mice weighting 30-35 g. MPTP was 

administrated at a dose of 15 mg/kg i.p. for 5 doses at 2 h intervals. Twelve animals in each 

group received normal saline, MPTP or MPTP with 40 mg/kg MDL 101,002 given each 

dose of MPTP (200 mg/kg total). We also examined coadministration of tempói with 

MPTP at dose of 5,10 or 20 mg/kg i.p. with each dose of MPTP (12).

Chemicals

Glutathione reductase (GR), 5,5'dithio-bis-2 nitrobenzoic acid (DTNB), N-ethylmaleimide 

(NEM), reduced nicotinamide adenine dinucleotide phosphate (NADPH), 2-thiobarbituric 

acid (TBA), retinol, retinol acetate, a-tocopherol and a-tocopherol acetate were purchased 

from Sigma Chemical Co. (St. Louis, USA). Malonaldehyde-bis-(diethyl acetal) was from 

Schuchardt (München, Germany). Sephadex G 10 was obtained from Pharmacia Biotech 

(Uppsala, Sweden). MPTP was purchased from Research Biochemicals, Wayland, MA 

USA). All other chemicals were of reagent grade.

15



Lipid peroxides

Plasma lipid peroxides were assayed according to the method of Wong et al (70) and were 

expressed in terms of malondialdehyde (MDA). The method is based on the reaction 

between MDA and thiobarbituric acid, which gives rise to a MDA-TBA adduct. The 

amount of the adduct was quantified by HPLC (column: 3.9 mm x 30 cm gBondapak C18 

(10 pm, Waters-Millipore Corp., Milford, MA), mobile phase: 400 ml methanol diluted to 

1000 ml with 50 mM potassium phosphate buffer, flow rate: 2 ml/min.) and 

spectrophotometric detection at 532 nm (Pharmacia LKB Variable Wavelength Monitor).

Reduced and oxidized glutathione

The concentrations of total and oxidized glutathione in whole blood hemolysate were 

measured by combining previously accepted standard methods (71). The action of DTNB 

and NADPH in the presence of glutathione reductase results in a reaction cycle, the rate of 

which depends on the total concentration of glutathione recorded spectrophotometrically at 

412 nm during the first 6 min. As the assay responds to both GSH and GSSG, GSSG must 

be determined separately after alkylation of GSH with N-ethylmaleimide (NEM). Separation 

of GSSG and NEM was achieved by gelfiltration with Sephadex G-10. The concentrations 

of the thiols were expressed with reference to hemoglobin (hgb) determined by the 

cyanmethemoglobin method.

Plasma free SH groups

The concentration of -SH groups was determined spectrophotometrically at 412 nm (72). 

The protein content of plasma samples was measured using the method of Lowry et al. (73).

Retinol and a-tocopherol

Heparinized plasma samples stored at -70 °C were used for the analysis. Retinol and a- 

tocopherol were determined by using the method of Catignani and Bieri (74). Briefly, 100 

pi plasma was deproteinized with ethanol that contained the internal standards (retinyl 

acetate and a-tocopheryl acetate). Lipids were extracted by addition of hexane. A portion 

of the hexane phase was evaporated, and the residue was dissolved in diethyl ether and 

methanol. The amount of each vitamin was quantified by HPLC (column: C 18 Spherisorb
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ODS 2 (5 pm packing), 40 x 250 mm, Pharmacia LKB, mobile phase: 95 % (v/v) methanol 

in water, flow rate: 2.5 ml/min.) and UV detection at 280 nm. The concentrations of a- 

tocopherol were expressed with reference to plasma cholesterol+triglyceride (75).

Uric acid

The concentration of uric acid was measured in trichloracetic acid (TCA) extracts of blood 

by the method of Harkness et al. (76). Quantitative determination was made by HPLC 

(column: Spherisorb ODS2 (5 pm packing), 40x250 mm, Pharmacia LKB, mobile phase: 

0.01 M potassium phosphate buffer containing 1% (v/v) methanol, pH 6.5, flow rate: 1 

ml/min.) with UV detection at 280 nm.

Amino acids measurements

Amino acid analysis was performed with the Pharmacia LKB AminoSys chromatography 

set-up (Uppsala, Sweden) containing a high-pressure gradient system with a fluorescence 

detector and an autosampler. Amino acids were separated on a Hewlett-Packard small-bore 

column. Amino acids were derivatized with ortho-phthaldehyde (OPA), the derivatization 

time was 2 minutes. The mobile phase was 0.1 M phosphate buffer containing 0.4% 

tetrahydrofuran and 0.025% tetraethylammonium hydroxide. Eluent В was 70% acetonitrile 

containing 0.1 M phosphate buffer, adjusted to pH 7.2. The sample volume was 5 pi (18, 

66). The inter-assay variation of the method was 1%.

Statistical analysis

All data were expressed as mean ± standard error of mean (x ± SEM). One-way ANOVA 

was followed by the LSD (least-significant-difference) test to determine significant 

differences between groups. A p value of less than 0.05 was considered statistically 

significant.
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3. Results

3.1. Clinical data

3.1.1. Amino acids in CSF of patients with MS
The CSF levels of the 12 amino acids in the controls and the MS patients are shown in 

Table 1. There were no significant differences between the patients and the control group. 

There was likewise no significant correlation between the amino acid levels and the clinical 

signs, the stage of the disease, the total protein levels or the age of the patients (these data 

are not presented).

Table 1. Mean CSF levels of amino acids in patients with MS and in control group (mean

+/- S.D. mmol/1)

Amino acids Control (n=9) MS (n=17)

161.96+/-81.94 134.22 +/- 47.76Alanin

64.14+/-24.80 57.05 +/- 25.39Taurin/GABA

135.07 +/- 82.72 95.96 +/- 39.49Methionin

56.44 +/-41.40 42.85 +/- 51.69Tryptophane

97.78 +/- 48.35 65.63 +/- 32.85Leucine

27.87+/-25.61 29.48 +/- 15.14Glutamate

39.92 +/- 15.08 43.44 +/- 11.10Aspartate

132.28 +/- 64.02 103.91 +/-45.47Serine

1047.24 +/- 236.94 1000.2 +/- 270.25Glutamine

58.11 +/- 27.64 65.50 +/- 22.52Glycine

212.66+/- 101.61Threonine 191.24+/- 75.45

140.90 +/-49.89Arginine 142.97+/-45.30
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3.1.2. Non-enzymatic antioxidants in patients with MS
In patients with exacerbation, the blood GSSG concentration and the levels of plasma free 

SH groups were significantly elevated as compared to all other groups. The blood GSH 

level was increased both in patient with exacerbation and remission compared to the 

controls (Figures 1,2,3). The retinol level and a-tocopherol/cholesterol + triglyceride ratio 

were significantly lower during the exacerbation (Figures 4,5). There were no significant 

difference in GSSG/GSH ratio, MDA and uric acid levels between the tested groups (data 

are not presented).
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Figure 1. Plasma GSSG concentration in controls and MS patients, (mean +/- SEM)
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Figure 2. Plasma free -SH group concentration in controls and MS patients, 

(mean +/- SEM)
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Figure 3. Plasma GSH concentration in controls and MS patients, (mean +/- SEM)
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Figure 4. Plasma retinol concentration in controls and MS patients, (mean +/- SEM)
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Figure 5. Plasma a-tocopherol/lipid ratio in controls and MS patients, (mean +/- SEM)
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3.1.3. Ammo acids in saliva of patients with migraine

The Glu, Ser, Gly, Arg and Tyr concentrations were significantly increased (p<0.05) in the 

saliva of the MwA group as compared with the control group (Figure 6). There were no 

significant differences between the amino acid concentrations in the MwA and MA groups.
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Figure 6. Amino acid concentrations in saliva of patients with migraine, (mean +/- SEM)

3.2. Animal experiments

3.2.1. MPTP neurotoxicity in mice overexpress MnSOD

As shown in Figure 7 mice which overexpress human MnSOD showed significant 

attenuation of MPTP induced dopamine depletion in the striatal dopaminerg neurons. While 

the MPP+ levels did not change significantly between two groups.

Figure 7. Striatal concentrations of dopamine and its metabolites in transgenic mice 

overexpressing human MnSOD . (mean +/- SEM)



3.2.2. MPTP neurotoxicity in mice deficient in cPLA2
Following administration of MPTP there was a significant reduction of dopamin, DOPAC 

and HVA concentrations in the littermate controls and in the heterozygous cPLA2 mice. 

Although there was a significant reduction in dopamine content in MPTP-treated 

homozygous cPLA/' mice as compared with PBS-treated cPLA2‘" mice, the dopamine 

levels were significantly greater then those in MPTP-treated cPLA2* or cPLA2 

(Figure 8). MPP levels were not significantly different in the tested groups.
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Figure 8. Striatal concentrations of dopamine and its metabolites in mice deficient in 

cPLA2 (mean +/- SEM).

3.2.3. MPTP neurotoxicity in mice deficient in cellular GSHPx
We utilized a relatively low dose of MPTP (15 mg/kg 4 times) which produced a small

significant dopamine depletion in wild-type controls (-15%). In contrast the same dose of 

MPTP produced a significant depletion of dopamine in GSHPx knock out mice (-61%) 

which was significantly greater then that seen in controls (Figure 9). The increased 

sensitivity to MPTP was not due to an alteration in uptake or metabolism of MPTP to 

MPP since striatal MPP" levels did not significantly differ in controls and in GSHPx knock 

out mice.
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Figure 9. Striatal concentrations of dopamine and its metabolites in mice deficient in 

cGSHPx. (mean +/- SEM)

3.2.4. Effects of creatine in a transgenic animal model of amyotrophic lateral sclerosis
Oral administration of 1% or 2% creatine in the diet resulted in dose-dependent, significant

improvements in the survival of G93A mice compared with the survival of mice fed 

unsupplemented diets (Figure 10). Survival was extended by 13 days with 1% creatine and 

26 days with 2% creatine. Mice fed creatine supplementation had significantly better 

performance from 116 to 136 days of age then mice fed regular diet (Figure 11).
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Figure 10. Effects of creatine supplementation on survival in an animal model of ALS.
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Figure 11. Effects of creatine supplementation on motor performance in an animal model 

of ALS.

3.2.5. Spin traps in MPTP neurotoxicity
Both the oil and the water soluble azulenyl spin traps provided dose-dependent protection 

against MPTP induced striatal dopamine depletion (Figure 12). Administration of MDL 

101,002 and tempói provided significant protection against MPTP-induced striatal 

dopamine depletion (Figure 13,14). MPP* levels were not significantly different in the tested 

groups.
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4. Discussion

4.1. The role of excitatory amino acids in neurological diseases

The CSF levels of Gin, Arg, Ser and Tyr were reported to be increased in patients with MS, 

whereas those of Asp, Glu, Met, GABA and Phe were decreased (77). That was basically a 

methological study; the data were not discussed well. Recently other study revealed 

opposite findings being glutamate and aspartate elevated in the CSF of MS patients (78).

We did not find any significant alterations in the levels of these amino acids in patients with 

this disease. It is well known that the pattern of free amino acid concentrations in the 

lumbar CSF reflects a complex equilibrium of molecular transport between the blood, the 

CSF and the brain, and also metabolic processes in the body and brain tissues. Furthermore, 

it is argued that various factors participate in this transport and that the transport 

mechanisms differ for various groups of amino acids. Since oligodendrocytes express 

AMP A/kainate receptors (32) and in the optic nerve chronic delivery of kainate produced 

inflammation and demyelination and other pathological features similar in MS patients, the 

normal concentrations of excitotoxins in the lumbar CSF do not exclude the possible role of 

these molecules in demyelinating disorders.

The saliva is a relatively stable fluid, and after the ingestion of a protein-rich meal only a low 

concentration variability is observed in the postprandial saliva as compared with the changes 

in the amino acid concentrations in the plasma and urine. The saliva is closely related to the 

nerve terminals of the trigeminal branches, which innervate the mucosal bucca (buccal 

nerve) and the parotis (from the mandibular nerve, parotid branches convey secretomotor 

fibers to the gland). Peptides and amino acids have been repeatedly examined in the CSF or 

plasma (79, 80, 81). However, only a few authors have reported on neurochemical changes 

in the saliva of migraineurs. High substance P and calcitonin gene-related peptide (CGRP) 

immunoreactivities were found by radioimmunoassay in MwA and cluster headache patients 

during attacks (82). The vasoactive intestinal polypeptide and CGRP immunoreactivities 

were lower in migraineurs than in the control group during migraine intervals. In this study, 

we observed elevated Glu, Ser, Gly, Arg and Tyr concentrations in the saliva of 

migraineurs. Pathological neuron discharge has been found in migraine, followed by
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"spreading depression", connected with an increased sensitivity of the NMDA receptor to 

endogenous Glu release (83). This results increased intracellular Ca2 levels, which can 

activate nitric oxide synthase (NOS). In response to NOS, L-Arg is converted into 

citrulline, with the accompanying formation of nitric oxide (NO). The Glu, Asp and Gly 

levels were controversial in platelets in patients (84), while higher Glu and Asp levels were 

reported in the plasma (85, 86). These data suggest that a higher Glu level acting on the 

NMDA receptors may participate in the development of migraine.

In migraine patients, decreased levels of Mg2 ’ were registered in the blood, the saliva, the 

CSF, and the cortex (87, 88, 89, 90, 91). The low Mg2+ level is linked with the role played 

by the excitatory amino acids in the pathogenesis of migraine. A low Mg2b level increases 

the NMDA receptor sensitivity to Glu (92), causing epileptiform symptoms and cortical 

spreading depression (93, 94). We measured a higher concentration of Gly in saliva 

collected from migraine patients after 6 hours of fasting. Published data indicate that, after 

the consumption of high-protein food, the salivary excretion of glycine is increased; this 

may therefore be a factor that influences the concentration (95). Increased concentrations of 

Gly were observed in the CSF (96) and platelets (84) of migraine patients. No data were 

found as concerns higher Ser levels. The higher Gly and Ser levels may reflect the changes 

in the central neurotransmission. An increased Arg concentration was found in the platelets 

of migraineurs, whereas the plasma level was the same as in the control group (97). The 

higher concentration of Arg, may enhance the release of NO through L-Arg/NOS pathway, 

leading to migraine attack. The Tyr concentration was not significantly different in the CSF 

of migraine sufferers as compared with the controls (98). A higher Tyr concentration might 

act through catecholamines influencing the disease.

No additional data appear to have been published regarding the changes in the 

concentrations of other amino acids in the saliva, further investigations are therefore 

needed.

4.2. The role of non-enzymatic antioxidants in MS

The elevation of the GSSG concentration and decrease of a-tocopherol and retinol levels in 

the blood of patient with MS provide evidence of an increased free radical formation. Both 

glutathione and a-tocopherol are potent inhibitors of lipid peroxidation. While the role of 

GSH is primarily to prevent the initiation of radical formation, a-tocopherol inhibits the
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propagation of the chain reaction (99). The GSH level was also significantly increased in 

patients with exacerbation and is likely to be a compensatory mechanism which defends the 

cells from further oxidant injuries (100). The increased levels of SH groups in the plasma is 

most related to the elevated GSH contents in the erythrocytes and could be originated from 

the membrane (101, 102). These data indicate enhanced free radical formation however it is 

not quite clear how these changes at the periphery are related to the pathology in the CNS. 

Free radicals are thought to play an important role in the destruction of myelin sheath. 

Activated macrophages are capable to produce both nitric oxide (NO) and superoxide anion 

(103). The interaction of these two radicals results peroxynitrite formation which can 

damage DNA, proteins and lipids and may lead to demyelinisation and neuronal injury. Free 

radicals may also contribute to the damage of the blood brain barrier which is an early event 

of MS lesion (104).

4.3. Role of antioxidant enzymes in model of Parkinson’s diseases 

In recent years the ability to construct genetically engineered mouse lines containing 

targeted mutations has advanced and gives us an excellent model to study the role of 

reactive oxygen species in physiological and pathological conditions. Previous studies have 

demonstrated differences between the antioxidant enzymes. Mice lacking Cu/Zn SOD were 

apparently healthy and displayed no neuropathological changes. However they exhibited a 

pronounced susceptibility to paraquat toxicity and increased mortality after transient focal 

cerebral ischemia (105). Moreover female homozygous knock-out mice showed a markedly 

reduced fertility compared to the wild-type and heterozygous controls (106). MnSOD 

localized in the mitochondria plays a critical role in normal antioxidant function since mice 

which are deficient in this enzyme show neurodegeneration, myocardial injury and perinatal 

death (107). Heterozygous knock out mice develop normally and show increased 

susceptibility to permanent focal cerebral ischemia. Mice lacking GSHPx develop normally, 

are fertile and show no neuronal degeneration Histological examination was normal in all 

tissues including the brain. These observation suggest an alternative means of removing 

H202 under physiologic conditions. There is a substantial evidence that MPTP neurotoxicity 

involves an impairment of energy metabolism followed by increased free radical generation 

(108). Furthermore there is evidence that antioxidants can attenuate MPTP induced toxicity 

(14. 23, 109). It was shown that mice which have 2-3 fold increase in Cu/Zn SOD activity

28



in cerebral cortex show almost complete protection against MPTP toxicity (110). If the 

mitochondria are the primary source of superoxide radical generated by MPTP then one 

would expect that mice overexpressing the MnSOD enzyme would show an attenuation of 

neurotoxicity. We used transgenic mice overexpressing human MnSOD have increased 

MnSOD activity of about 50%. These mice showed reduced lipid peroxidation, protein 

nitration and neuronal cell death after focal cerebral ischemia. As compared with littermate 

controls mice that overexpress human MnSOD showed significant protection against MPTP 

induced depletion of dopamine (23). The extent of the protection was not as marked as that 

seen in mice which overexpress Cu/Zn SOD. This however may be due to the degree of 

expression of the human MnSOD in mice which is not as great as that seen in the mice 

overexpressing Cu/Zn SOD studied previously. These findings therefore provide direct 

evidence that overexpression of MnSOD in brain can protect against MPTP toxicity and 

oxidative damage produced at the level of the mitochondria.

Since the GSHPx knock out mice develop normally we wondered whether this enzyme may 

play a more critical role under conditions in which neuronal metabolism is stressed by 

mitochondrial toxins. MPTP neurotoxicity was markedly exacerbated in the mutant mice 

compared to the littermate controls. This enzyme may therefore play an important role in 

initially compensating for increased generation of oxidants in these illness. The role of 

peroxinitrite may be particularly crucial, since the inhibitors of neuronal nitric oxide 

synthase block MPTP neurotoxicity (111, 112). This evidence therefore indicates that 

GSHPx plays an important role in the detoxification of peroxinitrite in vivo and although 

other free radical scavenging mechanism are able to compensate for a loss of GSHPx under 

physiologic conditions, but they are inadequate in response to a metabolic stress.

4.4. Role of cPLA 2 in a model of Parkinson’s diseases

We examined the MPTP neurotoxicity in littermates controls (cPLA2 ~), heterozygous 

knockout (cPLA2+) and homozygous knockout mice (cPLA2''). These animals show 

reduced fertility and are partially protected against focal ischemic lesion after transient 

middle cerebral artery occlusion (25). Toxicity of MPTP in cPLA2'' mice was significantly 

reduced compared to both cPLA2+/ and cPLA2+/'mice. The means by which lacking of 

cPLA2 enzyme results protection against MPTP could involve several mechanism. 

Activation of cPLA2 can increase free radical production by supplying arachidonic acid to
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eicosanoids. This leads to lipid peroxidation, oxidative injury of membranes, impairment of 

complex I, decreased ATPase activity and increased mitochondrial membrane permeability 

to Ff (113). Thus inhibition of the cPLA2 may results reduced release of fatty acid and 

lysophospholipids, less free radical production in response to MPTP leading to less 

excitotoxicity and less mitochondrial damage. This findings also suggest that the selective 

cPLA2 inhibitors might be a new therapeutic strategy for the treatment of Parkinson’s 

disease.

4.5. Effects of spin traps in a model of Parkinson ’s diseases

Pathogenesis of cell death in neurodegenerative diseases may involve a complex interaction 

between energy deficit, excitotoxicity and free radical generation. Free radical spin traps 

exert neuroprotective effects in various experimental model. Several studies showed 

protection against glutamate, NMDA toxicity, ischemia/reperfusion induced cerebral injury 

and age associated accumulation of oxidative damage to proteins (12, 14). They are wildly 

distributed, penetrate the brain readily and accumulate in the mitochondria which may 

contribute to their efficacy since mitochondria are a major source of free radicals. 

Neuroprotective activity may be attributed to prevention of secondary deterioration of 

cellular bioenergetics attributed to mitochondrial dysfunction or attenuation of hydroxyl 

radical production. The two azulenyl nitrone spin traps, MDL 101,002 and tempói 

produced significant protection against a moderate MPTP dosing regimen (12, 14). 

Although free radical spin traps may directly scavenge intracellular free radicals several 

other mechanisms have been suggested. These include a metal-independent superoxide 

dismutase-like activity, stable oxidation of transition metal ions to reduce their ability to 

participate in Fenton chemistry and inhibition of nitric oxide synthase induction (12, 14). 

Regardless of mechanisms the present works provide further evidence for the involvement 

of free radicals in MPTP neurotoxicity. By implication the present results provide further 

evidence that free radical scavengers may be effective in the treatment of neurodegenerative 

diseases.
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4.6. Effects of creatine in an animal model of ALS

The means by which Cu/ZN SOD mutations cause motor neuron damage may involve 

oxidative damage, mitochondrial dysfunction and excitotoxicity. Increasing body of 

evidence supports the role of mitochondrial abnormalities in both sporadic and familiar 

ALS. Thus creatine administration may help to buffer intracellular energy stores and inhibit 

mitochondrial transion pore opening, which linked to both excitotoxicity and apoptotic cell 

death (56). Creatine stabilizes mitochondrial creatine kinase in an octomeric form, which 

inhibits the opening of the pore by calcium and can also stimulate mitochondrial respiration 

and phosphocreatine synthesis. Phosphocreatine serves as energy buffer, maintaining ATP 

levels and also serves as a direct energy source for glutamate uptake into the synaptic 

vesicles. Impaired glutamate uptake has been implicated in the pathogenesis of sporadic 

ALS as well as in its transgenic animal models (114). The therapeutic benefit of creatine on 

survival and motor function in this model provides further evidence that mitochondrial 

dysfunction, oxidative damage and energy deficit may play a part in the pathogenesis of 

ALS (56). Creatine supplementation might be a new therapeutic strategy for ALS.

5. Conclusions

The challenge of many neurological diseases remains daunting, however major 

breakthroughs in the understanding of these diseases have recently been made. The 

disorders we studied have very different clinical features, but share many common 

neurochemical mechanism in the pathogenesis. The case for a role of oxidative stress is 

increasingly compelling. Evidence for increased oxidative damage has been found in all 

neurodegenerative and inflammatory diseases. The age dependence of these illness may be 

due to an interaction between oxidative stress and other genetic and environmental factors. 

In this work we found further evidence that free radicals and oxidative damage play a 

critical role of pathomechanism of Parkinson’s disease, multiple sclerosis and ALS. 

Furthermore our work gave a direct evidence that free radical scavenger has a therapeutic 

benefit in these diseases in vivo. The pathogenesis of neurological diseases may involve a 

complex interaction between energy deficit, excitotoxicity and free radical generation.
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