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Abstract 

CYTOCHROME P450 2E1 – RELEVANCE FOR CENTRAL DOPAMINE 
NEUROTRANSMISSION AND PARKINSON’S DISEASE  

 
Haydeh Niazi Shahabi 

Department of Pharmacology, Institute of Neuroscience and Physiology,  
The Sahlgrenska Academy, University of Gothenburg, Box 431, SE-405 30, Göteborg, 

Sweden 
 
Introduction: The enzyme cytochrome P450 2E1 (CYP2E1) has been found in dopamine (DA) 
containing brain regions that are of relevance for Parkinson’s disease (PD), and is known to 
generate reactive oxygen species (ROS), toxic molecules that have been implicated in the 
degeneration of DA neurones. In addition, previous investigations have indicated that inhibition 
of CYP2E1 increases extracellular DA in the substantia nigra, a nucleus which degenerates in 
PD. It is therefore of interest to elucidate a possible involvement of CYP2E1 in DA 
metabolism/neurotransmission and participation in producing ROS. Furthermore, CYP2E1 gene 
polymorphisms have been reported, variations which could influence susceptibility to PD. Thus, 
an inspection of polymorphic variants in a population of PD patients as compared to controls was 
conducted. Methods and observations: By injection of the radioactive DA precursor L-DOPA to 
rats in vivo, major catecholamines and their metabolites could be separated and quantitatively 
examined for radioactivity utilizing a liquid chromatography system. Inhibition of CYP2E1 
induced significant changes in the radioactivity pattern. Moreover, the increase in extracellular 
DA in the substantia nigra, measured by in vivo microdialysis in rats, induced by CYP2E1 
inhibition was unaltered following pharmacological inhibition of DA neurone firing and the DA 
transporter. Tetrodotoxin or reserpine treatment conversely abolished this effect. In addition, an 
increase in ROS production in the substantia nigra was observed during the presence of an 
exogenous CYP2E1 substrate (isoflurane). Investigation of polymorphic forms of CYP2E1 was 
carried out via a tag-single nucleotide polymorphism approach, obtaining Haplotype block data. 
An association between a C/G polymorphism at intron 7 of this gene and PD was found. 
Furthermore, extraction of genomic CYP2E1 RNA from putamen/caudate nucleus of five 
individuals revealed two alternatively spliced variants. Conclusions: The results support the 
notion that CYP2E1 is located near or in the same compartment as stored DA in the substantia 
nigra, possibly modulating DA neurotransmission and generation of ROS. Furthermore, 
inspection of polymorphic forms of CYP2E1 revealed a possible association of this enzyme with 
PD. Finally, we show that both intra- and inter-nuclei alternatively spliced variants of CYP2E1 
exist in brain parts that are of relevance for PD pathophysiology. 

 
Keywords: cytochrome P450 2E1, dopamine, substantia nigra, polymorphism, alternative 
splicing. 
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PREFACE 
 
 
Simorgh ( سيمرغ ) 
 
It is told in Persian mythology that a gigantic yet graceful female bird-like creature called 
Simorgh, having fire glowing wings of thirty colours and being the size of thirty birds, 
had seen the rise and fall of the world three times, gaining more and more wisdom and 
compassion. It sat on the mighty and only tree in the middle of the sea of life, loving 
water, earth and sky. This mighty tree was made up of all trees and plants, bearing the 
cure to all that caused illness. When Simorgh finally took to the sky, being the powerful 
bird that she was, the tree shook impetuously and was completely scattered around the 
world, falling to root … and grew. Hence, cure for all diseases exist in the plants, waiting 
to be discovered.  
 
We have to believe that there are answers to the questions of science and the hope to heal 
will never fade. Weather it is because of stories of Asclepius, the Greek God of medicine, 
healing through his dreams or Simorgh spreading seeds of cure, man has always nurtured 
the faith in his own knowledge to solve problems. That is the driving force of all who 
seek answers. The present thesis is a tiny contribution to this knowledge and gratitude 
towards those who encouraged me to nurture this faith in my thoughts throughout the 
path of life. 
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INTRODUCTION 
 
 
GENERAL BACKGROUND  
 
Parkinsons’s disease (PD) is the second most common neurodegenerative disease. The 
typical motor deficit symptoms are mainly due to the degeneration of dopamine (DA) 
containing neurones projecting from the substantia nigra to the striatum. The cause of the 
degeneration of DA-containing neurones in PD are, however, largely unknown. It is 
generally believed that in most cases environmental factors interact with genetic 
constitution. Gene mutations have been shown to cause familial PD, and some 
susceptibility genes have been discovered. Several environmental factors have been 
suggested to be of importance, however, not yet has any single or cluster of factors 
unequivocally been shown to be associated with sporadic PD. There is a vast amount of 
experimental studies giving support for various pathophysiological mechanisms involved 
in the neurodegenerative process. Among several mechanisms are increased generation 
of reactive oxygen species, decreased defence against reactive oxygen species, inhibition 
of complex I of the respiratory electron transport chain by toxins, defects in iron 
metabolism, increase in intracellular calcium due to excessive glutamate, and apoptosis. 
Presently, there is no curative or cytoprotective treatment available but several drugs 
with symptomatic effect can be used. In spite of such treatments, after several years of 
disease the patients often have difficulties with activities of daily living. 
 
The cytochrome P450 family of enzymes are mainly found in the liver where they 
metabolise a wide variety of endogenous substances and detoxify exogenous toxins. 
Some enzymes in this family, e.g. cytochrome P450 2E1 (CYP2E1), are also present in 
some extra hepatic tissue such as kidney, lung and brain. This enzyme has been detected 
in different brain regions including the substantia nigra. Previous findings indicate that 
this enzyme may influence dopaminergic neurotransmission in the brain and generate 
toxic reactive oxygen species, which have been implicated to contribute to the 
pathophysiology of PD. One aim of this thesis was to investigate the influence of 
CYP2E1 activity on DA metabolism and release in rat brain. Differences in the control of 
CYP2E1 activity as a consequence of genetic variation can theoretically alter its 
production of reactive oxygen species, or change the metabolic capacity and hence the 
defending ability of the tissue against possible harmful substances. Therefore, it is of 
interest to investigate possible associations between CYP2E1 gene polymorphisms and 
PD. Thus, an additional aim was to inspect polymorphic forms of the CYP2E1 gene in a 
population of patients with PD in comparison to healthy controls and also to verify the 
existence of diverse forms of the enzyme in relevant brain nuclei in humans. 
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DOPAMINE AND THE BASAL GANGLIA  
 
The breakthrough and significance of dopamine 
 
James Parkinson (1785-1824) published “An assay on the shaking palsy” in 1817, 
describing in detail and with precision, what was later to be called “Parkinson’s” disease. 
Not only did he portray the apparent symptoms of this disease, but he also explained the 
difficulty of living with these symptoms for the observed patients. He wrote about one 
patient:   
“… and at the last, constant sleepiness, with slight delirium, and other marks of extreme 
exhaustion, announce the wished-for release.” 
 
PD has since then been characterized and investigated by many who share the common 
intension of finding the cause and hence best suitable therapy for the affected patients. 
With the growing interest for the substance referred to as 3-hydroxytyramine (Carlsson, 
2002; Hornykiewicz, 1986), began the history of modern experimental research on PD. 
This substance was later to be called DA and is yet among the most studied 
neurotransmitters in the brain.  
 
The story of this neurotransmitter started with the synthesis of the substance in 1910 by 
Barger and Ewens. Funk synthesized D,L-3,4-dihydroxyphenylalanine (D-,L-DOPA), the 
racemic form of the DA precursor in 1911, and later Guggenheim (1913) isolated L-
DOPA from the seedlings of Vicia faba. He also suggested that this amino acid was a 
precursor of epinephrine which some years later lead to the proposal of a pathway for 
catecholamine synthesis by Holtz (1939) and by Blaschko (1939). Previously, in 1938 
Holtz discovered DOPA decarboxylase, the enzyme converting DOPA to DA. During 
this time, DA was considered merely as an intermediate in the synthesis of 
norepinephrine (NE). Although Blaschko considered the possibility of a physiological 
function for DA, it was not until Carlsson (1958) discovered the occurrence of DA in the 
brain that a new era in research regarding PD began. Carlsson developed a more sensitive 
fluorimetric method for measuring DA and showed that the amount of this substance in 
the brain of rabbits is much higher than would be expected of a precursor to NE. He also 
observed that rabbits treated with the already known drug reserpine (the active substance 
of the Indian plant Rauwolfia serpentina) could after administration of L-DOPA regain 
motor activity and performance together with a rise in DA concentration, while NE levels 
were much less influenced by L-DOPA treatment. These findings led Carlsson to propose 
that DA is not simply a precursor of NE but has a physiological role of its own. When 
Bertler and Rosengren (1959) showed that the regional distribution of DA in the brain 
(especially in the basal ganglia) of different species did not necessarily coincide with 
high amounts of NE, they suggested the involvement of DA as a neurotransmitter in the 
control of movement. It was soon thereafter, when Ehringer and Hornykiewicz (1960) 
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compared human brain samples of Parkinson patients with normal brain tissue using the 
chemical assay earlier developed by Carlsson, that evidence for a connection between 
DA deficiency and PD was obtained. A year later Barbeau, Murphy and Sourkes (1961) 
showed that the urine of Parkinson patients contained only low concentration of DA and 
thereafter, several groups of scientists began treating patients with L-DOPA (Barbeau et 
al., 1962; Birkmayer and Hornykiewicz, 1962; Cotzias et al., 1967). Administration of 
this amino acid is yet the most effective therapy in PD.  
 
The basal ganglia  
 
The basal ganglia are a group of interrelated nuclei consisting of the caudate nucleus and 
the putamen (which together build up the striatum), globus pallidus (containing internal 
and external segments), subthalamic nucleus and substantia nigra. The substantia nigra is 
further divided into two zones, the lighter zone of pars reticulate and a darker pigmented 
zone called pars compacta. There are some anatomical differences between the basal 
ganglia of primates and the rat, such as a less obvious distinction between the two 
structures of the striatum and the two segments of the globus pallidus in the rat. In 
general, the striatum receives afferent input mainly from the cortex, while the globus 
pallidus and the substantia nigra pars reticulata function as major output nuclei of the 
basal ganglia and send projections to the thalamus and superior colliculus (Heimer and 
Alheid, 1985; Mink, 1999). Neurochemically distinct and lightly stained patches called 
striosomes are seen in the striatum, which receive limbic projections. From these 
striosomes, project neurones to the dopaminergic neurones of the substantia nigra pars 
compacta. A darker stained part of striatal tissue called the matrix receives input from the 
cortex and sends projections into the substantia nigra pars reticiulata (Heimer and Alheid, 
1985). The basal ganglia nuclei mainly manage the control of motor activity and eye 
movement, but may also be important for cognitive functions. DA is the major 
monoamine in the basal ganglia with the highest concentration in the striatum. A 
simplified illustration of the input, output and interconnections of the basal ganglia are 
shown in Fig.1. 
 
According to this model there are two major pathways in the basal ganglia. One pathway 
starts with the inhibitory output neurones (γ-aminobutyric acid) from the striatum 
through the internal segment of the globus pallidus and substantia nigra pars reticulata, to 
the thalamus. High activity in the striatal output neurones through the two former nuclei 
results in a decrease of the inhibitory input of the basal ganglia to the thalamus and is 
referred to as the direct route. The other pathway called the indirect route applies to the 
path from the striatum towards the globus pallidus external segment and thereon to the 
subthalamic nucleus. This latter nucleus sends excitatory (glutamic acid) projections into 
globus pallidus internal segment and substantia nigra pars reticulata, to further join and 
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follow the direct route into the thalamus. The effect of stimulation of the indirect route is 
an increase of the inhibitory input of the basal ganglia on the thalamus.  
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Figure 1. A simplified schematic illustration of the basal ganglia and its connections. 
Abbreviations: DA, Dopamine; GABA, γ-aminobutyric acid; Glut, Glutamic acid; GP int, 
Globus pallidus internal segment; GP ex, Globus pallidus external segment; NST, 
Subthalamic nucleus; SNc, Substantia nigra pars compacta; SNr, Substantia nigra pars 
reticulate.  
 
 
This model has been used to illustrate the main functional organisation of the basal 
ganglia. Release of DA from the terminals of the nigrostriatal pathway stimulates mainly 
two types of DA receptors. These are the excitatory D1 receptors (expressed primarily at 
the direct route of the striatal neurones) and the inhibitory D2 receptors (expressed 
mainly at the indirect route of the striatal neurones). These receptors stimulate/inhibit 
inter alia the synthesis of adenylyl cyclase (and as a result cAMP), respectively, having a 
complementary and additive stimulatory effect on the motor activity. The degeneration of 
dopaminergic nigro-striatal neurones in PD results in a decrease of DA release in the 
striatum. This in turn decreases the activity of the direct pathway due to lack of D1 
receptor stimulation while lesser activity of the D2 receptors leads to an increase in the 
outflow from the indirect route (Standaert and Young, 1996). The consequence of this 
DA deficiency in PD is the appearance of hypo- and brady-kinesia.  
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Synthesis and metabolism of dopamine 
 
The enzyme tyrosine hydroxylase (TH) catalyses the first step in the synthesis of DA, 
transforming the amino acid tyrosine to L-DOPA. TH has been found in the cytoplasm 
and in association with the endoplasmatic reticulum in the substantia nigra (Hattori et al., 
1979; Pickel et al., 1977), whereas in the axon terminals in the striatum it is localized in 
the cytoplasm close to the vesicles (Pickel et al., 1981).  The action of TH, which is the 
rate limiting step in the synthesis of catecholamines, is regulated by the firing rate of the 
dopaminergic neurones, DA autoreceptor occupancy and by end-product inhibition, in 
this case DA. It is normally saturated with its substrate and approximately only 2% of the 
available tyrosine is utilised for catecholamine biosynthesis (Cooper et al., 1996). The 
synthesised L-DOPA is then converted to DA by aromatic L-amino acid decarboxylase 
(AADC). This enzyme is not saturated with substrate (Bowsher and Henry, 1985) and is 
expressed in dopaminergic, noradrenergic and serotonergic neurones, and has also been 
detected in rat glia cells (Li et al., 1992; Nakamura et al., 2000). The function of the 
enzyme in the latter cells is however, not clear.  
 
DA metabolism occurs mainly through oxidative deamination by monoamine oxidase 
(MAO) and O-methylation by catechol-O-methyltransferase (COMT). They convert DA 
to 3, 4-dihydroxyphenylacetic acid (DOPAC) (Rosengren, 1960) and 3-methoxytyramine 
(3-MT) (Carlsson and Waldeck, 1964), respectively, which in turn are further 
metabolised to homovanillic acid (HVA) as their end product (Rutledge and Johanson, 
1967). DA is also a precursor to NE. A more detailed description of the metabolism of 
DA and NE is schematically illustrated in Fig. 2.  
 
DA neurones in the substantia nigra of rat brain contain higher concentration of MAO-A 
than MAO-B mRNA (Jahng et al., 1997). The former type is apparent both inside and 
outside synaptosomes in the striatum of rat, contributing to deamination of NE and DA 
(Fagervall and Ross, 1986). Differences between human and rat brain are seen, such as a 
higher extra-synaptosomal activity of MAO-B in humans (Stenstrom et al., 1987), as 
compared to MAO-A activity. O-Methylation of DA takes place outside catecholamine 
neurones and the soluble form of COMT (S-COMT) is the dominant enzyme in both rat 
and human brain (Guldberg and Marsden, 1975).  
 
The possibility of alternative pathways leading to other DA metabolites have also been 
considered and investigated; e.g. DA glucuronid (Wang et al., 1983) and sulfoconjugated 
DA (Buu et al., 1981) have been detected and are probably metabolites of minor 
quantitative importance. 
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Figure 2. A Schematic presentation of the catabolism of dopamine and norepinephrine. 
Abbreviations: DA, dopamine; DOPA, dihydroxyphenylalanine; NE, norepinephrine; 
DOMA, 3,4-dihydroxymandelic acid; DOPAC, 3,4-dihydroxyphenylacetic acid; DOPEG, 
3,4-dihydroxyphenylglycol; MOPEG, 3-methoxy-4-hydroxy-phenylglycol; 3MT, 3-
methoxytyramine; NM, normetanephrine; HVA, homovanillic acid; VMA, 3-methoxy-4-
hydroxy-mandelic acid; COMT, catechol O-methyl transferase, MAO, monoamine 
oxidase. Dashed lines indicate the presence of more than one step in the current path. 
 
 
Storage and release of dopamine  
 
Histological studies of false transmitter (5-hydroxydopamine) storage in the substantia 
nigra indicated that the main storage site for DA in dendrites is not in vesicular 
structures, which is the case in terminal parts such as the striatum, but in the smooth 
endoplasmatic reticulum (SER), also apparent as a storage site for DA in cell bodies in 
combination with vesicular storage (Groves and Linder, 1983; Hattori et al., 1979; 
Mercer et al., 1979; Wilson et al., 1977). An immunohistochemical study of the 
localization of the vesicular monoamine transporter-2 (VMAT2), the carrier of DA into 
the vesicles in axon terminals, supported these findings (Nirenberg et al., 1996). As in 
dopaminergic terminal regions, inhibition of the DA re-uptake mechanism (DAT = 
dopamine transporter) increases the extracellular concentrations of DA in the substantia 
nigra, stressing the importance of DAT also in this brain part (Engberg et al., 1997; Sarre 
et al., 2004). Administration of γ-butyrolactone (GBL), which decreases or abolishes the 
firing of dopaminergic neurones, has a modest inhibitory effect on DA release in the 
substantia nigra (Hefti et al., 1976; Pericic and Walters, 1976; Santiago and Westerink, 
1991, 1992), whereas in the striatum, a more apparent decrease is seen following 
systemic administration of this drug (Imperato and Di Chiara, 1984; Santiago and 
Westerink, 1991, 1992). As in the striatum, nigral dopamine release is dependent on 
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voltage-dependent sodium and calcium channels (Bergquist et al., 1998; Santiago and 
Westerink, 1992). The modulatory effect of DA autoreceptors on DA release has been 
found to be less pronounced in the substantia nigra as compared to the striatum (Hoffman 
and Gerhardt, 1999; Nissbrandt et al., 1989; Pucak and Grace, 1994; Santiago and 
Westerink, 1991).  
 
PARKINSON’S DISEASE 
 
Signs and symptoms 
 
The prevalence of PD is 1.6-1.8% over the age of 65, rising to 2.6% for those older than 
85 years (de Rijk et al., 2000). The clinical diagnosis is founded on four main symptoms 
which are hypo- bradykinesia (impaired ability to start or continue movement), loss of 
postural stability, muscular rigidity and resting tremors. The latter symptom can ease by 
movement. With progression of the disease the patient shows a flexed posture, 
experiences the freezing phenomenon (the legs are glued to the ground) and eye tracking 
movement may be lost. These last symptoms are often referred to as non-DA related. A 
noticeable clinical response to L-DOPA therapy often confirms the diagnosis.  
 
Pathological findings 
 
It was already in 1895 that Brissaud suggested an association of substantia nigra with 
PD. Later Lewy (1914) detected cytoplasmic inclusions, now known as Lewy bodies, in 
the brain of patients with this disorder. The neuropathology of PD was studied in more 
detail by Trétiakoff in 1919 who observed lesions in the substantia nigra, featuring loss 
of both pigmentation and nerve cells. The appearance of Lewy bodies in the substantia 
nigra and loss of neuromelanin pigment in dopaminergic neurones is still considered as 
histopathological characteristics of this disorder (although it is known that Lewy bodies 
could be absent in some genetic or early-onset forms of PD). It was, however, Carlsson 
whom on the basis of the behavioural and neurochemical effects of reserpine and L-
DOPA on laboratory animals, suggested that PD was related to DA deficiency (Carlsson, 
1959; Carlsson et al., 1957). The lack of DA in the striatum is due to degeneration of 
nigrostriatal neurones which originate from the zona compacta of the substantia nigra, 
but the cause of this deterioration is not yet recognized. The first symptoms appear when 
about 60-80% of DA nerve cells are destroyed. Utilizing [18F]-DOPA uptake has assisted 
in monitoring the rate of progression of DA containing cell loss, but some have 
questioned usage of PET scans. It has been argued that this method does not correlate 
well with the loss of dopaminergic nerve cells but rather measure pre-synaptic AADC 
activity. A more explicit method is the usage of DAT tracers, indicating loss of 
dopaminergic cells in the brain in a more specific manner as compared to L-DOPA-based 
tracers (Ma et al., 2002).  
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The basal ganglia contain high concentrations of neurotransmitters other than DA (see 
Fig.1) such as 5-hydroxytryptamine (5-HT), γ-aminobutyric acid (GABA) and glutamate. 
Also concentrations of these neurotransmitters show discrepancies between normal and 
parkinsonian brains. Reduced amounts of 5-HT in the raphe nuclei and low 5-HT 
transporter density in the striatum has been seen in patients with PD (Doder et al., 2003; 
Kerenyi et al., 2003). These studies, together with a possible over expression of some 5-
HT receptor subtypes in PD (suggested to be a compensatory mechanism for 
dopaminergic neurodegeneration) (Scholtissen et al., 2006), imply a possible 
degeneration of 5-HT neurones in PD. It is, however, difficult to draw any definite 
conclusions regarding the importance of 5-HT deficiency for the symptomatology in PD, 
although it is assumed to be the major cause for the depression often seen in PD patients 
(Leentjens, 2004). 
 
GABA concentrations are reported to be elevated in post-mortem analysis of the striatum 
from PD patients (Kish et al., 1986). It is thought that this elevation, together with an 
increase in GABAA receptor up-regulation in the internal segment of the globus pallidus, 
is related to L-DOPA-induced dyskinesia (Calon et al., 2003) and not considered as a 
cause of disease. 
 
The neurotransmitter glutamate also appears in high concentrations in the striatum and 
the substantia nigra which potentially is a risk for glutamate-induced toxicity in these 
brain parts. A pathological rise in extracellular glutamate may cause an un-physiological 
increase in the intracellular concentration of calcium ion (Ca2+) through the action of N-
methyl-D-aspartate (NMDA) receptors, a process called excitotoxicity. This can in turn 
cause excessive production of nitric oxide, mitochondrial dysfunction and finally 
neuronal damage (Jenner, 2003). In some studies elevated levels of glutamate have been 
seen in the striatum of patients with PD (Kish et al., 1986), but negative results have also 
been presented.  
 
Etiology and pathophysiology 
 
The reasons for the degeneration of DA containing neurones in PD are largely unknown; 
for almost all cases little is known about the etiology. In general, interaction of 
environmental factors with genetic constitution is believed to be the case in most 
patients. The origin of familial PD has been related to gene mutations, and some 
susceptibility genes have been determined. A number of environmental factors have been 
suggested to be of importance, however, a common single or cluster of factors in 
association with sporadic PD has not been established.  
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Genetics of familial PD 
 
There are families exhibiting Mendalian pattern of inheritance of PD and responsible 
mutations have been identified for a few of these families. So far 11 gene loci have been 
linked to familial PD and they are named PARK1-11 and the gene is recognized for 
seven of these loci.  
 
PARK1: The first PD gene to be discovered was the α-synuclein gene (Polymeropoulos 
et al., 1997). The expressed protein of this gene is found in neurones and may be 
important for vesicular transmitter release.  α-Synuclein is the main component of Lewy 
bodies. 
 
PARK2: The Parkin gene was the second PD gene to be discovered (Kitada et al., 1998). 
To date more than 40 mutations in this gene have been identified in families in many 
countries. Mutations are also found in sporadic PD cases and it has been estimated that 
disease appearance in 5% of all patients with onset before 50 years of age is due to 
Parkin gene mutations. The protein product of parkin is an E3 ubiquitin ligase, which is a 
component of the ubiquitin-proteosome system involved in the degradation of proteins.  
 
PARK3: For this locus the responsible protein is not yet identified and PARK4 is a 
triplication of the wild-type of α-synuclein gene (Singleton et al., 2003). 
 
PARK5: Mutation in UCH-L1, which is ubiquitin C-terminal hydroxylase L1, is linked 
to only one German family (Leroy et al., 1998) and the role of the gene for PD is 
somewhat controversial.  
 
PARK6: Mutations in PINK 1, which is a PTEN induced putative kinase-1, was initially 
found in one large Italian family and recently in additionally 8 other European families 
(Valente et al., 2004). PINK1 is expressed in many tissues and abundantly in the CNS, 
and probably localised in the mitochondria.  
 
PARK7: A DJ-1 mutation was initially found in a family in the Netherlands (Bonifati et 
al., 2003). In a Dutch isolate, 60 % of early onset PD could be caused by DJ-1 mutations. 
DJ-1 is expressed inter alia in the brain but its function is unknown; some data suggest 
that it is of importance for the cellular response to oxidative stress. Interestingly it seems 
to be located mainly in astrocytes.  
 
PARK8: So far, nine mutations are known in the LRRK2 or Dardarin gene and have been 
found in 8 families in Europe and a group of patients in Brazilian with early onset PD (de 
Carvalho Aguiar et al., 2008; Nichols et al., 2007; Paisan-Ruiz et al., 2004; Zimprich et 
al., 2004). Mutations in this gene are considered as the most common causes of familial 
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PD. In Basque in Spain 5 cases of sporadic PD due to Dardarin mutations have been 
found and 8 % of all PD in this region can be due to Dardarin mutations. The protein is 
probably a cytoplasmatic kinase, phosphorylating other unknown proteins.  
 
The phenotype for PARK9 is not typical for PD. For the PARK10 and 11 loci the 
responsible proteins are not yet identified.  
 
To summarise familial PD, three genes indicate impaired protein degradation as a 
pathophysiological mechanism, namely α-synuclein, parkin and UCH-L1. One protein is 
probably involved in cellular response to oxidative stress, namely DJ-1, and two proteins 
are kinases. 
 
Genetics of sporadic PD 
 
For the majority of patients with PD, where the familial aggregation of the disease is not 
so evident, the genetic influence is of less importance. There is, however, evidence that 
genetic factors also play a significant part in the susceptibility to sporadic PD. 
 
In a study performed in Iceland, it was shown that even for sporadic cases of PD there 
are familial aggregations (Sveinbjornsdottir et al., 2000). This was also reported in a 
community based study of PD patients with younger onset (Rocca et al., 2004). 
Furthermore, an epidemiological study of siblings with PD (Maher et al., 2002b) and a 
segregation analysis of PD (Maher et al., 2002a) indicate important genetic contribution. 
However, in twin studies (Tanner et al., 1999; Wirdefeldt et al., 2004) there were only a 
difference in concordance rate between dizygotic and monozygotic twins with an age of 
onset of 50 years or younger. However, when considering that the discordant twin in a 
twin pair could possibly acquire the disease later and hence investigate dopaminergic 
dysfunction using PET instead, one obtains considerably higher concordance rates for 
patients with an age of onset over 50 years (Piccini and Brooks, 1999). It has been 
suggested that the results of the epidemiological studies are compatible with a disease 
being caused by mutations with reduced penetrance and a late and variable age of onset 
(Gasser, 2005). 
 
Many genetic polymorphic based studies have been performed on a variety of candidate 
genes. However, clear-cut findings that have been confirmed in several studies have been 
scarce. Promising is an association between a polymorphism in the interleukin 1beta gene 
and sporadic PD (Mattila et al., 2002; McGeer et al., 2002; Schulte et al., 2002) and a 
polymorphism in the glucocerebrosidase  gene, coding for a lysosomal enzyme (Bras et 
al., 2007; Eblan et al., 2006; Sato et al., 2005). 
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Environmental causes 
 
The importance of environmental causes for PD is clearly indicated by twin studies (see 
above). The possibility that the environment can cause, at least a PD-like syndrome, was 
illustrated by the patients developing PD symptoms as a result of “encephalitis 
lethargica” that occurred mostly in the beginning of the 20th century. Encephalitis 
lethargica is now hypothesised to be caused by an immune reaction to an infection by a 
streptococcus-like bacterium (Dale et al., 2004). The view that PD may be caused by 
toxins was substantiated 20 years ago, when it was reported that young addicts developed 
parkinsonism by taking a synthetic opioid (Langston and Ballard, 1983). It turned out 
that the batch contained an impurity, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP). The conversion of MPTP to its toxic metabolite MPP+ (1-methyl-4-phenyl-2,3-
dihydropyridium ion) by MAO-B, the enzyme which also metabolizes DA, leads to 
inhibition of mitochondrial complex I and cell destruction (Nicklas et al., 1985; Nicklas 
et al., 1987). The findings seen following administration of MPTP to laboratory animals 
does not entirely show the same profile of progression and pathology as PD but this 
neurotoxin has been a useful tool in revealing possible mechanisms of cell death and for 
evaluating new therapeutic strategies (Przedborski et al., 2003). It has also been 
demonstrated that environmental toxins such as the insecticide rotenone or the herbicides 
paraquat and maneb may induce experimental parkinsonism through disturbances in the 
mitochondrial electron transport chain. However, the damage caused by these toxins is 
often not restricted to dopaminergic cells (Li et al., 2005).  
 
In some case-control studies, but not all, an association with PD and rural living and 
exposure to heavy metals have been found. Well established is a negative association 
between PD and smoking. For reviews on PD and environmental causes see Logroscino 
(2005) and Brown et al. (2005). Although much experimental data support an influence 
of toxins acting on complex I, it is difficult to reconcile these findings with the 
epidemiological data showing a widespread and relatively even distribution of PD, 
geographically, ethnically and socioeconomically. Also, the relatively low concordance 
in monozygotic twins who have grown up together and the absence of concordance in 
married couples (Ubeda, 1998), indicate that no shared childhood or home-specific 
environmental factor is of fundamental importance. 
 
Cell degeneration mechanisms 
 
There are numerous numbers of studies giving support for various mechanisms involved 
in the neurodegeneration in PD. Among them are increased generation of reactive 
oxygen species, decreased defence against reactive oxygen species, toxins inhibiting the 
mitochondrial complex 1, defects in iron metabolism, excess glutamate causing an 
increase in intracellular calcium, and apoptosis (see Fahn and Sulzer, 2004). In recent 
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years several findings indicate that immune and inflammatory mechanisms are involved 
in the pathogenesis of PD (Liu et al., 2003), as well as impaired protein degradation as 
suggested by genetic linkage studies (see above). Many of these mechanisms can be a 
consequence of one another and neither one can be excluded. Several of these 
mechanisms probably can be operative simultaneously or in a time sequence.  
 
Reactive oxygen species 
 
The cause of degeneration of nigral DA neurones has been linked to many plausible 
mechanisms. One that is widely discussed and reviewed is “oxidative damage” which is 
the participation of reactive oxygen species (ROS), such as free radicals, in generating a 
hostile environment in a tissue. Free radicals are reactive atoms, ions or molecules having 
one or more unpaired electron which can target DNA, proteins or the lipid membrane of 
the cell. If the cell’s ability to protect itself against these species is impaired, e.g. by 
down regulation of protective endogenous substances or enzymes, these reactive 
molecules can initiate chain reactions causing cell destruction. Molecules such as 
superoxide anion (O2

●─), hydrogen peroxide (H2O2), and hydroxyl radical (OH●) are 
examples of ROS. The latter radical is the most active of these molecules and can be 
produced by the others during the Fenton/Haber Weiss reaction as follows:  

 
H2O2  + Fe2+  → OH ─  + OH●  +  Fe3+    (Fenton) 

  O2
● ─  

 + Fe3+  →   O2    +  Fe2+ 
─────────────────────    
O2

● ─   + H2O2 → OH ─ + OH● + O2      (Haber Weiss) 
 
The metabolism of DA by MAO and aldehyde dehydrogenase to DOPAC is another 
source of free radical production by promoting H2O2 formation as follows: 

 
                             DA  +  O2  +  H2O  →   DOPAC + NH3 + H2O2 

 
Furthermore, catabolism of DA into toxic DA-quinone species by non-enzymatic auto-
oxidation shown in the following reaction is an additional source for the assembly of 
toxic product: 

 
Catecholamine (ex. DA)  +  O2  →  Quinone/Semi-quinone + H + + O2

● ─ 
 
In the presence of superoxide, oxygen molecule is replaced by this radical and reacts with 
another DA molecule as follows: 

 
Catecholamine (ex. DA)  +  O2

● ─  + 2H +  →  (semi-quinone)● + H2O2 
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Quinone derived radicals can further induce the creation of harmful molecules and 
augment cell degeneration (Cohen, 1994):  

        
(semi-quinone)● + O2    →  Quinone  +  O2

● ─   + H2 
 
Since DA is abundant in the striatum and the substantia nigra, it is reasonable to assume 
that these mechanisms contribute to free radical creation and cell damage to a greater 
extent in these brain nuclei as compared to many other brain parts. Nitric oxide (NO●), 
which is itself a free radical, is also a molecule that can elevate the amount of other free 
radicals in a tissue and has the ability to cross membrane barriers. It can react with 
superoxide radical producing peroxynitrite (●ONOO─). The latter can further break down 
and bring about a rise in the concentration of nitrogen dioxide (NO2

●) and OH●. NO● and 
its derivatives have been associated with neurodegeneration and PD progression by both 
binding directly to DA, causing quinone formation, and by indirectly influencing 
different mechanism in the cell through the creation of toxic molecules (Antunes et al., 
2005; Torreilles et al., 1999). 
  
The cells defence against reactive species depends on a handful of enzymes (such as 
catalase and glutathione peroxidase) and molecules (e.g. glutathione, vitamin C or E), 
which convert these oxygen species to less toxic or harmless molecules such as water. 
Post-mortem studies of patients with PD show that oxidative damage may be of 
pathophysiological importance in this disease (Jenner, 1991, 1998, 2003; Jenner and 
Olanow, 1998). Increased levels of total iron and iron-(III) have been found in the 
substantia nigra in PD patients which can be interpreted as a consequence (Double et al., 
2000; Sofic et al., 1991; Sofic et al., 1988) or cause of an increase in the production of 
radical species. A decrease in reduced glutathione (GSH), a molecule necessary for 
disintegration of H2O2 to water, has also been reported in the substantia nigra of 
parkinsonian patients (Fitzmaurice et al., 2003; Pearce et al., 1997; Sofic et al., 1992). 
This implies that oxidative stress can occur in this brain region due to elevated 
concentrations of ROS. Studies show, however, that the highest concentration of iron is 
not found in DA containing cells but in glia cells of patients with PD (Double et al., 
2000). The same pattern has also been seen for GSH. Participation of glia cells in 
initiation and continuation of neurodegeneration in PD has indeed been debated because 
of production of different cytokines in these cells leading to oxidative stress, or their role 
as protective cells through the release of neurotrophic factors (Teismann and Schulz, 
2004). However, resent studies suggest that changes in glutathione concentrations are not 
specific for PD (Fitzmaurice et al., 2003) and that the observed alterations can merely be 
an effect of aging. It has been difficult to establish if ROS are a primary cause to the 
findings seen in PD or if it is other alterations in the cells which bring about a rise in the 
production of reactive molecules (Jenner 1991; 1998 and 2003).  
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Current treatments 
 
Although at present no cure exists for PD, symptomatic and palliative treatment can 
improve the patient’s quality of life (Schapira, 2007). Dopamine replacement therapy 
using L-DOPA is still considered as the most effective treatment. It is used in 
combination with a peripheral decarboxylase inhibitor (e.g. carbidopa or benserazide) in 
order to minimize the transformation of L-DOPA to DA outside the brain. Motor related 
adverse effects, such as “wearing off” (the return of motor deficit symptoms at the end of 
the dosing interval) or the “on-off” phenomenon (experiencing unpredictable rapid 
fluctuation in motor activity and performance) are unwanted complications believed to be 
associated with the progression of the disease and the long-term discontinuous L-DOPA 
administration (Obeso et al., 2000). DA agonists such as apomorphine, bromocriptine 
and cabergoline; MAO-B inhibitors such as selegiline and rasigiline and finally COMT 
inhibitors such as entacapone and tolcapone are also important drugs in the treatment of 
PD. Trials of surgical management have also been performed with few advantages 
compared to drug treatment (Jankovic, 2006), demanding access to special operative 
centres and surgeons. Deep brain stimulation (DBS), however promising, is not 
applicable on all patients nor without risk or side effects (Limousin and Martinez-Torres, 
2008). Likewise, stem cell transplantation offers a source of cell substitution in 
neurodegenerative diseases (Wang et al., 2007), but a constant debate on ethical issues 
has been heard and evaluations have over all shown small therapeutic effects and also 
troublesome side effects (Hagell and Cenci, 2005). These methods put forward 
encouraging prospects but need much improvement in order to replace pharmacotherapy. 
The major consideration in dealing with affected patients is to find the best suitable 
therapy according to the need of each individual patient. 
 
CYTOCHROME P450 ENZYMES 
 
General characteristics 
 
The P450-containing monooxygenase system has been divided into two main types: 
bacterial/mitochondrial (type I) and microsomal (type II). The CYP450 type II enzymes 
are part of a microsomal mixed function oxidase (MMFO) system which catalyse the 
incorporation of one oxygen atom into their substrate. The name is given because of the 
enzyme’s property of having a spectral absorbance maximum at 450 nm. These enzymes 
are 45-55 kDa in size, having a haem moiety with iron protoporfyrin IX as their 
prosthetic group. They have existed for more than 1.4 billion years and now include 78 
families in 155 species (CYP 450 data base at http://cpd.ibmh.msk.su). Each family 
(defined by an Arabic number following CYP or 450 (e.g. CYP2) exhibits an amino acid 
sequence similarity of 40 percent or more and is divided into subfamilies (defined by a 
letter following the Arabic number, e.g. CYP2E) which display a minimum of 55 percent 
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sequence identity. This is followed by another Arabic number denoting the specific 
gene/protein (e.g. CYP2E1). In the vertebrate families of CYP450, families 1 to 3 are the 
major hepatic catabolic enzymes responsible for the phase I metabolism of a wide variety 
of endogenous and exogenous substances, showing overlapping substrate specificity. 
Some enzymes in these families are also active in some extra hepatic tissue such as 
kidney, lung and brain (Bhamre et al., 1992; Farin and Omiecinski, 1993; Kapitulnik and 
Strobel, 1999; Seliskar and Rozman, 2007). Genetic polymorphism is seen in all CYP450 
families, predominantly in families 1 to 3 which display a relatively low evolutionary 
genetic preservation (Ingelman-Sundberg, 2004). 
 
CYP450 enzymes are membrane bound proteins (bacterial enzymes excluded). In 
hepatocytes, the largest fraction of the enzyme is located at the membrane of the 
endoplasmatic reticulum (ER) (Loeper et al., 1993; Neve and Ingelman-Sundberg, 2000) 
oriented mainly towards the cytoplasm but also towards the lumen (Neve and Ingelman-
Sundberg, 2000). In addition they are found in the Golgi apparatus and at the plasma 
membrane (Bar-Nun et al., 1980; Neve et al., 1996; Stasiecki et al., 1980). Determining 
their three dimensional structure by crystallography has not been an easy task but the few 
microbial, rabbit and human CYP450 enzymes which structures have been revealed 
provide valuable information about the activity of these enzymes (Johnson, 2003). A few 
functional domains common for all CYP450 have been identified (Gonzalez, 1988; 
Johnson, 2003). These are the hydrophobic membrane insertion segment at the amino 
terminal and the haem-binding domain close to the carboxy terminal. A site for the 
binding of electron donors (e.g. NADPH-cytochrome P450 reductase) is also a conserved 
part of the enzyme’s structure.  
 
The apoprotein and the haem moiety of the CYP450 enzyme are synthesized separately 
and the assembly of the two parts occurs by a complex route (Gibson and Skett, 1994). 
As many other enzymes, the CYP450 enzymes can be affected by endogenous and 
exogenous influences leading to induction, inhibition, down-regulation or merely 
degradation of the holoenzyme. Regulation of these enzymes can occur at all levels i.e. 
transcriptional, post-transcriptional, translational or post-translational. For example, in 
the former cases, activation of gene expression of CYP2E1 has been seen only within a 
few hours after birth (proposed to be coupled to activation of transcription factor HNF-1 
and demethylation of cytosine residues upstream of the transcription start site) and at the 
onset of puberty (Gonzalez, 1988; Gonzalez and Gelboin, 1990; Johnson, 2003; Vieira et 
al., 1996). The post-transcriptional up-regulation of these enzymes occurs by mRNA 
stabilization, translation enhancement or enzyme stabilization (Gonzalez, 1988) such as 
after ethanol administration. These are caused by covalent/non-covalent alterations 
(Aguiar et al., 2005). It is proposed that down-regulation of the enzymes by 
posttranslational modification of the apoprotein or the haem moiety is due to formation 
of active transient species such as ROS, epoxides or ketones from so called suicide 
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substrates, e.g. cyclopropans, alkyls or aromatic amines (Karuzina and Archakov, 
1994b). Ubiquitination or inactivation of the haem moiety through complex formation 
with NO is also considered as a cause of down-regulation (Aguiar et al., 2005; Correia et 
al., 2005). Tyrosine nitration of the apoprotein by means of reaction with peroxynitrile 
derived from NO is another route leading to degradation (Aguiar et al., 2005).  
 
Catalytic cycle 
 
The MMFO system consists of a CYP450 enzyme, the electron donor NADPH 
cytochrome P450 reductase (with some exceptions) and a lipid component 
(phosphatidylcholine). This system needs an oxygen molecule and NADPH in order to 
insert an oxygen atom into the substrate. The catalytic reaction can be simplified as 
follows:   

 
Substrate-H + O2 + NADPH + H+ -------------------› Substrate-OH + H2O + NADP+ 

CYP 450

 
The electron donor NADPH cytochrome P450 reductase is a flavoprotein consisting of 
both a flavin mononucleotide (FMN) and a flavin adenine dinucleotide (FAD) moiety. 
The latter attains two electrons from NADPH which are then transferred one at a time to 
the FMN moiety, resulting in an initial semiquinone and finally fully reduced form of 
this functional group (Coon, 2005). However, it has been noted that CYP450 enzymes 
can utilize other electron donors such as NADH-cytochrome b5 reductase via cytochrome 
b5 (Aoyama et al., 1990; Truan et al., 1993). Some microbial CYP450 enzymes have 
even demonstrated a fusion system with their electron donors, creating a more efficient 
electron transfer to their catalytic centre (McLean et al., 2005). Nevertheless NADPH 
reductase is considered as the general electron donor in the MMFO system and has been 
located in the same compartments as CYP450 in rat liver cells (Neve et al., 1996; 
Stasiecki et al., 1980). This enzyme has also been found in microsomes of whole rat 
brain and cortical human microsomes using Western immunoblotting 
(Anandatheerthavarada et al., 1992).  
 
The catalytic cycle of CYP450 is schematically shown in Fig. 3. With the binding of 
substrate, the enzyme’s redox potential is altered due to a change in the spin state of the 
ferric haem iron. This facilitates the first electron transfer to the enzyme and hence the 
conversion of ferric (Fe3+) to ferrous (Fe2+) iron. The next step is the binding of dioxygen 
to Fe2+, generating an instable complex which undergoes electron rearrangement to yield 
a ferric oxy species (Fe3+-O2

─). The delivery of the second electron to the enzyme and 
creation of the peroxy complex (Fe3+-O2 

2─) is followed by production of a water 
molecule and formation of an iron-oxene species ((Fe=O)3+). The final step is the 
insertion of an oxygen atom (this step has been proposed to involve the formation of a 
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substrate radical as an intermediate). The product is then disconnected and CYP450 is 
returned to its initial state.  
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Figure 3.  Schematic display of the catalytic cycle of cytochrome P450.  Abbreviations: 
R, substrate; CYP450, cytochrome P450 apoprotein. 
 
 
Cytochrome P450 2E1  
 
CYP2E1 has been found in many extrahepatic organs, for example in kidney and lung. 
However, the liver demonstrates the highest concentration of the enzyme (de Waziers et 
al., 1990; Thomas et al., 1987). CYP2E1 has many substrates and products, some of 
which are generally toxic or carcinogenic. Its active site pocket is relatively small and 
hydrophobic, creating a suitable environment for small non-polar molecules. Among the 
many endogenous substrates of the enzyme that have been identified (Ingelman-
Sundberg, 2004; Lieber, 1997; Ronis et al, 1996), are ketones (e.g. acetone) and fatty 
acids such as arachidonic acid. The exogenous compounds metabolized by CYP2E1 
comprise a wide variety of xenobiotics (e.g. acetaminophen, aniline, paracetamol, N-
nitrosodimetylamine and chlorzoxazone, with the latter two often used as enzymatic 
probes), alcohols (e.g. ethanol, methanol), acetaldehyde, aromatic hydrocarbons such as 
benzene and toluene, halogenated hydrocarbons (e.g. carbon tetrachloride) and finally 
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anaesthetics including enflurane, isoflurane and halothane. A list of a total of 160 
substrates, 102 inhibitors and 28 inducers of the enzyme are available at CYP450 data 
base at http://cpd.ibmh.msk.su. The Km values for most of these substrates are within the 
nM limit, showing a high affinity for the enzyme.  
 
With the detection of active CYP450 in microsomes from whole rat brain, as seen by 
spectral absorbance peak measurements and oxidation of estradiol (Cohn et al., 1977; 
Sasame et al., 1977), it was realized that also the brain may have CYP enzyme activity 
and by that the potential to metabolise and detoxify toxic exogenous substances. It 
became subsequently apparent that many CYP450 enzymes are present in brain tissue, 
including CYP2E1. Hansson et al. (1990) detected this enzyme in neurones and glia cells 
of rat brain, in many nuclei including the substantia nigra. It was later shown that 
CYP2E1 in rat brain cells of the basal ganglia, including substantia nigra and striatum, 
also could be induced by ethanol or nicotine administration (Anandatheerthavarada et al., 
1993a; Anandatheerthavarada et al., 1993b; Sohda et al., 1993). At the same time, 
CYP2E1 mRNA expression was demonstrated in diverse parts of the human brain, 
including substantia nigra (Farin and Omiecinski, 1993). Shortly after, the enzyme was 
found in the substantia nigra pars compacta of rat, within cells that morphologically 
resembled dopaminergic neurones and was shown to be induced in striatal blood vessels 
by isoniazid, a known inducer of CYP2E1 (Riedl et al., 1996). Also, induction of this 
enzyme during ischemic injury was shown in hippocampal and cortex astrocytes of rat 
and gerbil in vivo (Tindberg et al., 1996). Watts et al. (1998) showed that inducible 
CYP2E1 existed in the same compartment as tyrosine hydroxylase in the rat substantia 
nigra but could not detect the enzyme in nigral glia cells. In addition, localisation of the 
enzyme in monkey brain, as well as prenatal and adult human brain was confirmed 
(Brzezinski et al., 1999; Joshi and Tyndale, 2006b; Upadhya et al., 2000). CYP2E1 has 
been found in an active form in ER (microsomes), the Golgi apparatus and the plasma 
membrane of rat hepatocytes (Loeper et al., 1993; Neve et al., 1996; Wu and Cederbaum, 
1992). It is possible that in the CNS, the active form of this enzyme is localized in the 
same membrane compartments as its hepatic variety. 
 
Factors influencing CYP2E1 expression and activity 
 
As other CYP450 enzymes, regulation of CYP2E1 takes place at all levels from gene 
expression to post-translation and can vary between species, tissue, agent and 
administration technique. Enzyme induction occurs by diverse endogenous and 
exogenous influences such as starvation, diabetes or various substances and is due to 
effects on the path of enzyme expression as early as transcription, but also through later 
modifications such as by way of post-translation. Also, the same substance can cause 
induction at different levels of expression as in case of ethanol administration (Table 1.). 
Regulation of CYP2E1 by xenobiotics in form of transcriptional induction is however not 
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common. Inhibition of this enzyme can be caused by metabolites or intermediates of 
suicide substrates. It has been shown that CYP2E1 displays a biphasic half-life. This is 
illustrated in a pattern consisting of a rapid phase half-life of 6-7 hours followed by a 
slower phase of approximately 37 hours in the rat (Roberts et al., 1994; Song et al., 
1989), with the domination of the slow phase half-life in the presence of ethanol/acetone. 
However, a longer degradation half-life of 50 hours or more has been shown for this 
enzyme in healthy humans (Emery et al., 1999). The reason for this biphasic kinetic 
disappearance is not yet clear. It could be due to a possible degradation of the enzyme 
being initiated by two different routes, namely destruction of the haem moiety (causing 
rapid obliteration) or the apoprotein (causing slower obliteration) (see above). There is 
also the possibility that lysosomal based degradation or substrate stabilization, is 
responsible for the slower phase, and ubiquitin-dependent/-independent proteosome-
based degradation (as in the case for many membrane bound proteins) executes the rapid 
phase (for detailed discussion see Gonzalez, 2007). Microsomal ubiqutin-conjugates have 
been observed as a product of CYP2E1 break down in rat liver microsomes after suicide 
inactivation by agents such as carbon tetrachloride (Tierney et al., 1992), confirming that 
this enzyme is subjected to proteosomal degradation. Its elimination by a lysosomal route 
has also been proven (Ronis et al., 1991). This has been coupled to haem loss by the 
appearance of only the apoprotein in lysosomal fractions. Song et al. (1989) suggested 
the existence of two populations of CYP450, one localized in smooth and another present 
in rough ER, leading to decrease in translation and loss of the enzyme by diverse paths. 
A selection of some of the most studied factors causing induction, inhibition or down-
regulation of this enzyme is given in the table below (Table 1.).  It is important to 
emphasise that both endo- and exogenous factors play a part in influencing CYP2E1 
activity and availability.  
 
 
 
Table 1. Selected summery of some endo- and exogenous factors influencing CYP 2E1. 

Vertical arrows represent rise/fall of following feature. 
 

Influencing 
factor 

 

Effect Reference 

Birth - Gene activation by transcription: ↑protein, ↑ RNA 
level  

(Vieira et al., 1996) 

Ethanol - at low concentrations: protein stabilization 
- at high concentrations: mRNA stabilization  

(Cederbaum, 2006) 
(Lieber, 1997) 

Acetone - in rat liver microsomes: ↑ protein stabilization, 
↑activity 

(Song et al., 1989) 
(Tierney et al., 1992) 
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Table 1. Continued 
 

Triiodothyronine (T3) - in rat liver: ↑ protein expression, ↑ activity 
- rabbit CYP 2E1 measured in human HepG2 cell line: 
↑ protein expression, ↑ mRNA t½ 

(Fernandez et al., 
2003) 
(Oinonen et al., 1996) 
(Peng and Coon, 1998) 

Starvation/diabetes - in rat: ↑ protein level, ↑ mRNA (Hong et al., 1987) 
(Song et al., 1987) 

Acetylsalicylates - in rat blood, liver microsomes: ↑activity,  
↑ transcription, ↑ protein synthesis 
- in human HepG2 cell line, cultured rat hepatocytes: 
↑protein level, ↓enzyme turnover 

(Pankow et al., 1994) 
(Damme et al., 1996) 
(Wu and Cederbaum, 
2001) 

Interleukin-4 - in human hepatocytes, HepG2 cell line: ↑mRNA  (Abdel-Razzak et al., 
2004) 

Lipopolysacharide, 
Interleukin-1β 

- in cultured rat astrocyte, rat and gerbil brain:  
↑ mRNA, ↑ protein activity 

(Tindberg et al., 1996) 

Nicotine - acute administration in rat brain: regional specific 
rise in protein level 
- chronic administration in rat, monkey brain: general 
rise in protein level 

(Joshi and Tyndale, 
2006a, b) 

Isoniazid - in rat liver microsomes: ↑ mRNA translation 
- healthy subjects, pharmacokinetic models: ligand-
stabilization  

(Park et al., 1993) 
(Zand et al., 1993) 
(Chien et al., 1997) 

Insulin - in cultured rat hepatocytes: ↓ transcription, ↓ mRNA 
t½ 

(Woodcroft and 
Novak, 1997) 

Phenylethyl- 
isothyocyanate 

- in rat liver microsomes: ↓ protein level, ↓activity, 
 ↓ mRNA 

(Ishizaki et al., 1990) 
(Lindros et al., 1995) 

Dialylsulphide - suicide inhibition (Brady et al., 1991a) 
(Yang et al., 2001) 

Disulfiram 
(Diethydithiocarbama

te) 

- in rat microsomes: ↓ protein activity  
- healthy subjects: ↓activity (↓ chlorzoxazone 
clearance)  

(Brady et al., 1991b) 
(Kharasch et al., 1993) 

Interleukin (IL)-1β,  
IL-6, TNFα, IFNγ 

- in human hepatocytes, HepG2 cell line: ↓mRNA, ↓ 
protein activity 

(Abdel-Razzak et al., 
2004; Abdel-Razzak et 
al., 1993) 
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Catalytic cycle of CYP 2E1: uncoupling and ROS production 
 
It has been proposed that CYP2E1 is responsible for the production of active metabolites 
that are carcinogenic or toxic (see below). Such toxicity has in some cases been 
associated with the production of free radical intermediates. Although CYP450 enzymes 
demonstrate a common catalytic cycle, it has been shown that for some of these enzymes, 
e.g. CYP2E1, this cycle can be disrupted by various substrates, so called “uncouplers” 
(Staudt et al., 1974), underlying this toxicity. In these cases, the enzyme-substrate 
complex is formed, but assimilation of the oxygen atom into the substrate is not 
accomplished because of sterical or chemical obstruction. This, occurs above all during 
the catalytic cycle of CYP2E1, inducing a discharge of ROS in form of O2

●─ created in 
the enzyme-substrate complex, followed by its dismutation and conversion to H2O2 and 
OH● (Ekstrom and Ingelman-Sundberg, 1989; Ingelman-Sundberg and Johansson, 1984; 
Persson et al., 1990). This process has been observed in microsomal liver samples from 
rat and also in rabbit reconstituted membrane vesicle systems. As a consequence, lipid 
peroxidation can be initiated by the enzyme (Ekstrom and Ingelman-Sundberg, 1984, 
1989) and has been confirmed through inhibition of this process by CYP2E1 polyclonal 
antibodies. ROS production and lipid peroxidation products (polyunsaturated fatty acids), 
sensitive to CYP2E1 antibody addition have also been detected in astrocyte cultures after 
treatment with ethanol (Montoliu et al., 1995).  
 
Another outcome of uncouplers is oxidative inactivation of the enzyme or so called 
suicide inhibition (Karuzina and Archakov, 1994a, b), where destructive substrate 
intermediates produced by the disintegration of the peroxy complex covalently bind to 
the haem group (as seen in activation of amine substrates by this enzyme) or the 
apoprotein. In all the above mentioned situations ROS is produced, either as O2

●─  (by 
oxy complex decay) or as H2O2 (by peroxy complex decay or dismutation of O2

●─ ). The 
binding of substrate and the uncoupling caused by the leakage of the substrate-peroxy 
complex is believed to be the main cause of autoinactivation, producing H2O2 at the 
catalytic centre of the CYP450 enzymes (Karuzina and Archakov 1994a).  
 
It is important to state that the production of ROS by CYP2E1 can even be observed in 
the absence of exogenous substrates (Ingelman-Sundberg and Johanson, 1984) and even 
during presence of inducers (as seen in ethanol-treated astrocyte cultures), and not only 
inhibitors (Montoliu et al., 1995). Taken together, it is evident that CYP2E1 activity can 
under certain circumstances be potentially cell toxic through the production of ROS, 
although, it is plausible that the cell’s protective mechanisms to remove excess ROS 
produced by CYP2E1 is normally adequate or adapt to the increased ROS formation, as 
shown in a HepG2 cell line expressing this enzyme (Mari and Cederbaum, 2001). 
Elevated levels of microsomal glutathione-S-transferase and catalase activities were 
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specifically seen in this cell line compared to control cell culture, indicating a plausible 
increase of H2O2 in the CYP2E1 expressing cells.  
 
 
Cytochrome P450 enzymes and Parkinson’s disease 
 
Earlier studies brought about the idea that CYP enzymes may play a role in the 
pathophysiology of PD as they are detoxifying enzymes and therefore contributing to the 
metabolism of environmental toxins and at the same time demonstrating polymorphic 
varieties (Barbeau et al., 1985; Ferrari et al., 1986; Ho et al., 1996; Shahi et al., 1990). 
Studies have given opposing results as to the significance of these enzymes in the 
susceptibility to PD. A general summery of relevance to PD and in order of quantity of 
reported investigations is given below. 
 
Cytochrome P450 2D6 (CYP2D6) 
 
Debrisoquine 4-hydroxylase or CYP2D6 is an enzyme participating in the metabolism of 
MPTP to toxic/non-toxic products (Herraiz et al., 2006) and has been found inter alia in 
the substantia nigra of the human brain (Gilham et al., 1997). It has also been suggested 
to be involved in the formation of DA from tyramine (Hiroi et al., 1998). Initial reports 
implied that poor metabolising genotypes, not possessing the functional form of 
CYP2D6, were seen in a higher proportion in patients with PD and those with early onset 
of the disease as compared to control subjects (Barbeau et al., 1985; Smith et al., 1992). 
A case-control study, also considering history of solvent exposure, found an association 
between individuals with this disease and poor metabolising variants of CYP2D6 only 
when combined with solvent exposure (De Palma et al., 1998), but failed to show any 
association to the disorder per se. Other reports have failed to confirm any association 
(Nicholl et al., 1999; Sabbagh et al., 1999), however, exposure to environmental toxins 
was not considered in these studies. An increased risk of developing PD due to 
combination of poor metabolising capacity and pesticide exposure was confirmed in a 
more recent study showing an approximately two-fold risk of increase compared to non-
poor metabolisers (Elbaz et al., 2004). Nevertheless, this interaction, as in previous 
studies, was only seen in a small group of patience. This result was repeated by an 
additional investigation (Deng et al., 2004), but a recent study failed to show any 
association between two poor-/extensive activity alleles of the enzyme and PD (Bialecka 
et al., 2007). Altogether, more than twenty studies investigate the possible involvement 
of CYP2D6 in neurodegenerative disorders but illustrate contradicting results (Riedl et 
al., 1999). This enzyme has approximately twenty five allelic variants and based on 
existing outcomes it is presently difficult to draw any definite conclusions regarding its 
role as a susceptibility gene for PD.  
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Cytochrome P450 1A1 (CYP1A1) 
 
CYP1A1 (7-ethoxyresorufin O-deethylase) metabolises a variety of polycyclic aromatic 
hydrocarbons and can be induced in the lung by nicotine (Daly et al., 1993; Iba et al., 
1998; Kim et al., 2004). It has been proposed that smoking has a protective effect against 
PD (Gorell et al., 1999; Morens et al., 1995) which raised the interest to inspect 
polymorphic forms of this enzyme in patients with this disease. In addition, one study 
demonstrated that nicotine treatment inhibited the immunoreactivity of CYP1A1 and 
CYP1A2 in the striatum of rat (Anandatheerthavarada et al., 1993b), drawing more 
attention to the activity of these enzymes in relation to PD. A study based on a Japanese 
population found an association between this disorder and an allele variant of CYP1A1, 
that is related to increased enzyme activity (Takakubo et al., 1996). In the same study the 
relative risk for PD was higher among subjects with the homozygote form of a mutation 
causing an amino acid substitution as compared to subjects with the homozygote wild 
type. This association could, however, not be confirmed by a Chinese investigation 
(Chan et al., 2002). In the latter study, regional dissimilarities concerning exposure of 
toxic chemicals and a possible linkage disequilibrium of this gene with the nearby gene 
of CYP1A2 was discussed and given as a possible cause for this discrepancy between the 
two studies. Although evidence for an association of these enzymes with PD is not 
convincing, the possible bioactivation of specific toxic compounds by these enzymes in 
the liver, which in turn participate to the degeneration of neurones in the basal ganglia 
can not be totally ruled out. Further investigations are needed in order to clarify the role 
of these CYP450 enzymes in the brain. 
 
Cytochrome P450 2C9 (CYP2C9) and Cytochrome P450 2C19 (CYP2C19) 
 
The genotypes of poor metabolisers of CYP2C9 (S-Warfarin 7-hydroxylase) and 
CYP2C19 (S-Mephenytoin 4-hydroxylase), which are responsible for parahydroxylation 
of phenytoin and metabolism of S-mephenytoin respectively, have been investigated in 
small groups of individuals with PD. CYP2C19 is known to metabolise a number of 
psychoactive drugs (Coutts and Urichuk, 1999). The metabolising activity of the latter 
enzyme, based on genotype and excretion of a CYP2C19 metabolite, illustrated no 
significant discrepancy between PD patients and control subjects in two independent 
studies. The first survey (Gudjonsson et al., 1990) was performed in a Swedish 
population based on hydroxylation of S-mephenytoin but lacked power due to the small 
number of individuals studied (34 patients). The second analysis examined the genotype 
frequencies in Japanese populations among which 63 were diagnosed with PD (Tsuneoka 
et al., 1996). Again, the small number of patients created a low power in this study. A 
group of investigators (Ferrari et al., 1990) examined the possibility that poor 
metabolising ability of phenyotoin by CYP2C9 is involved in the pathogenesis of PD and 
showed that significantly more PD patients than controls were intermediate or poor 
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metabolizers, but no correlation between metabolic ratio of the enzyme and age of onset 
or duration of the disease was found. However, the number of individuals in the studied 
groups was very small. This finding could not be confirmed by a later study performed 
on patients having young-onset of the disease (Peeters et al., 1994). The evidence of any 
association between these enzymes and PD is altogether not convincing. This could 
nevertheless be a consequence of the undersized groups analysed.  
 
Cytochrome P450 2E1  
 
A few studies and findings indicate that CYP2E1 may be of relevance for PD 
pathophysiology. In one study, inhibition of the enzyme by three different inhibitors 
caused a rise in the extracellular DA concentration in the substantia nigra but not in the 
striatum, as measured by microdialysis in rat (Nissbrandt et al., 2001). The highest 
increase of DA was observed during inhibition by phenylethyl isothiocyanate (PEITC). 
Furthermore, an association between the enzyme and MPTP has been presented (Vaglini 
et al., 2004; Viaggi et al., 2006). An augmentation of MPTP toxicity, evaluated by 
tyrosine hydroxylase immunoreactivity, was seen in the substantia nigra pars compacta 
during CYP2E1 inhibition in mice. Furthermore, DA contents of wild-type mice also 
indicated enhanced toxicity after MPTP treatment combined with a CYP2E1 inhibitor, 
whereas CYP2E1 knockout animals did not demonstrate this escalation. Parkinsonism 
induced by n-hexane (Pezzoli et al., 1995) is another possibility of participation of 
CYP2E1 in this neurodegenerative disorder through the metabolism of this solvent to the 
toxin 2,5-hexandione (Iba et al., 2000).  
 
The human CYP2E1 protein consists of 493 amino acids. The gene is located on 
chromosome 10 and consists of a classic TATA box and nine exons (Umeno et al., 
1988). The approximately 12 kb sequenced base pairs have since then been extensively 
investigated for possible polymorphisms and related functions (The International 
HapMap Project at http://www.hapmap.org; Home page of the Human Cytochrome P450 
Allele Nomenclatur Committee at http://www.cypalleles.ki.se). Some studies have been 
able to relate functional features of the enzyme to polymorphic forms. One study showed 
that CYP2E1 inducers such as alcohol or morbid obesity in human subjects, together 
with an approximately 100-bp insertion mutation in the 5´-flanking region of the enzyme, 
increased the chlorzoxazone metabolism measured as the concentration of this probe’s 
metabolite (6-hydroxychlorzoxazone) in plasma (McCarver et al., 1998). Two other 
studies (Hanioka et al., 2003; Hu et al., 1997) have in an expression system using COS-1 
cells, demonstrated that Arg76His substitution due to a mutation in the coding region of 
the enzyme (creating CYP2E1*2 polymorphic form, nomenclature according to Home 
page of the Human Cytochrome P450 Allele Nomenclatur Committee), caused a 
reduction in protein concentration compared to wild type CYP2E1. This polymorphic 
variety also exhibited reduced activity determined by chlorzoxazone 6-hydroxylation and 
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4-nitrophenol 2-hydroxylation. It is therefore possible that polymorphic diversity of this 
enzyme can be associated with different functional qualities and hence possible diseased 
state. 
 
The participation of CYP2E1 in activation of pro-carcinogens such as aniline, N-
nitrosodimethylamine and so forth has connected this enzyme’s activity to malignancies 
in various organs, examples are association of CYP2E1*5B or CYP2E1*6 
polymorphisms with esophageal, nasopharymgeal, gastric, lung and liver cancer (Danko 
and Chaschin, 2005). However in these cases, discrepancies in genotype distribution 
frequencies in different ethnic populations have generated conflicting results. Much 
attention has been given to a possible role of CYP2E1 in initiating alcoholic liver disease 
(ALD). This is due to localization of the enzyme in the centrilobular zone of the liver, 
where most damage is seen during ALD, together with the enzyme’s contribution to the 
metabolism of ethanol to acetaldehyde or 1-hydroxyethyl radical (Cederbaum, 2006). 
Despite certain induction of this enzyme by ethanol, no conclusive results as to 
association of polymorphic forms of CYP2E1 and ALD have yet been established.     
 
There have only been limited inquiries concerning CYP2E1 polymorphisms and PD, 
investigating only the Pst I and Rsa I restriction site polymorphisms at the 5’-flanking 
region. Three studies, on a European population (Bandmann et al., 1997), a Taiwanese 
(Wang et al., 2000) and a Chinese population (Wu et al., 2002), all failed to show any 
association between PD and these polymorphisms.  
 
 

 
OBJECTIVE OF THE STUDY 

 
 
Previous investigations have indicated that CYP2E1 inhibition increases extra cellular 
DA in the substantia nigra. One main aim of this thesis was to elucidate the mechanisms 
responsible for this increase and to explore possible involvement of CYP2E1 in DA 
metabolism and neurotransmission. It is also known that the enzyme can generate ROS 
which can contribute to the neurodegenerative processes in PD. Therefore, a further goal 
was to conduct a preliminary examination concerning the participation of this enzyme in 
producing these species in the substantia nigra.  
 
The CYP2E1 gene expresses polymorphism and therefore it was of interest to inspect 
polymorphic variants in a population of patients with PD and in control subjects with the 
purpose to find possible association with this disease. A final intention was to examine 
whether different splicing variants of the CYP2E1 gene exist in some human brain 
regions that are of relevance for PD. 
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METHODOLOGY 
 
 
Studies on the effect of CYP2E1 inhibition on DA metabolism and release (Papers I 
and II) 
 
Enquiry regarding in vivo DA metabolism was based on a novel approach. This 
comprised the injection of a tritiated DA-precursor (L-DOPA) to rats (Paper I), followed 
by biochemical post-mortem analysis of the supernatant obtained from relevant brain 
regions. High performance reversed-phase ion-pair chromatography (HPLC) and a 
scintillation system were used for separation and measurement of radioactivity in 
supernatant fractions. 
 
The study concerning release of DA (Paper II) was executed utilizing in vivo 
microdialysis technique. The mechanisms responsible for the increase in extracellular 
DA induced by CYP2E1 inhibition were investigated by measuring the effects of drugs 
interfering with different processes involved in DA release during CYP2E1 inhibition. 
The concentration of DA and its metabolites in microdialysate were detected by HPLC. 
 
Free radical production was also determined using microdialysis technique and was 
measured by the transformation of the trapping agent 4-hydroxybenzoic acid (4-HB) to 3, 
4-dihydroxybenzoic acid (3, 4-HB) during local perfusion through the microdialysis 
tubing, followed by measurement in an HPLC system (Paper II).  
 
Ethics  
 
The experimental designs were approved by the local ethical committee in Gothenburg 
and animal procedures were performed in accordance with the European Communities 
Council Directive of 24 November 1986. All efforts were made to minimize the number 
of animals used and their suffering. 
 
Animals 
 
The choice of animal for pharmacological studies is important regarding the possibility to 
correctly extrapolate the results to human physiology and pathophysiology. One point is 
ethical considerations. At the same time, the issue studied should show functional 
resemblance between the model species and human. The rat and mouse have been 
predominant models of choice for neuropharmacological research. In addition, in these 
animals the CYP2E1 gene shows approximately 80% similarity to its human counterpart. 
Conducting microdialysis experiments on mice, in such small brain nucleus as the 
substantia nigra, is however not without difficulties. This is the main reason why rat 
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became the selected species in the present in vivo experiments. Furthermore, the rat is 
considered as the best replica of choice for studying activity and function of CYP2E1 
gene and relating the findings to outcomes in the human (Martignoni et al., 2006).      
 
The animals used for in vivo experiments were male Sprague Dawley rats (B&K 
Universal AB, Sollentuna, Sweden) weighing 250 g on arrival. They were kept 2-5 per 
cage for one week prior to experiment initiation and under controlled environmental 
conditions (temperature 26°C; humidity 60-65%, light 5 a.m. - 7 p.m. and dark 7 p.m. - 5 
a.m.). In studies based on the microdialysis technique (Paper II), each animal was housed 
in a separate cage following probe implantation. Food and tap water were available ad 
lib. The animals weighed 250-300 g on the day of experiments. All experiments were 
conducted during day time.  
 
Drugs  
 
Radioactive dopamine precursor: 

Radiolabelled L-DOPA [L-3,4-(ring 2,5,6-3H) dihydroxyphenylalanine] (specific 
activity ≈50 Ci/mmol, concentration 1 mCi/ml) (American Radiolabeled Chemicals 
Inc., St. Louis, MO, USA)  

Vesicular amine transporter inhibitor:  
Reserpine (Ciba-Geigy, Basel, Switzerland)  

Peripheral COMT inhibitor:  
Entacapone [ OR-611; N,N-diethyl-2-cyano-3-(3,4-dihydrozy-5-nitrophenyl) 
acrylaminde] (Orion Pharma, Espoo, Finland)  

Peripheral AADC inhibitor:  
Carbidopa [MK 486; L-2-hydrazino-3-(3,4-dihydroxyphenyl)-2-methyl-propionic 
acid] (Merck Sharp & Dohme International Rahway, NJ, USA)  

Inhibitor of firing of dopaminergic neuron: 
γ-butyrolactone (GBL) (Sigma-Aldrich AB, Sweden)  

Dopamine transporter inhibitor: 
1, 4-dialkylpiperazine (GBR-12909, Research Biochemical Incorporated, Natick, 
MA,USA)  

Drugs used for detection of reactive oxygen species: 
3, 4-dihydroxybenzoic acid (3,4-HB) (Sigma-Aldrich AB, Sweden)  
4-hydroxybenzoic acid (4-HB) (Sigma-Aldrich AB, Sweden)  

Cytochrome P450 2E1 inhibitor: 
Phenylethyl isothiocyanate (PEITC) (Acros Chimica N.V., Geel, Belgium)  

Voltage sensitive sodium channel blocker: 
Tetrodotoxin (TTX) (Sigma-Aldrich AB, Sweden)  

Analgesic: 
Ketoprofen (Romefen® Vet, Merial, Lyon, France) 
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Anaesthetics: 
Isoflurane (Forene®, Abbot Scandinavia AB, Solna, Sweden)  
Chloral hydrate (KEBO Lab AB, Stockholm, Sweden) 
Ketamine (Parke-Davis, SA, Barcelona Spain)  
Xylazine (Bayer, Leverkusen, Germany) 

 
Brain dissection techniques and tissue preparation 
 
In experiments performed for quantification of radioactivity (Paper I), the rats were 
sacrificed by an injection of chloral hydrate (400 mg/kg, i.p.) followed by decapitation. 
The brains were quickly removed and placed on an ice-chilled petri dish. The striatum 
was dissected as performed by Carlsson and Lindqvist (1973) and the substantia nigra 
was isolated according to Nissbrandt et al. (1985). After dissection the tissues were 
immediately placed on dry ice and then stored in a freezer at -70° until the time of their 
analysis. The average weights of the striatums and the substantia nigras were about 80 
mg and 8 mg, respectively. 
 
The dissected tissues were homogenized in 0.1 M HClO4, 10 mM Na2EDTA and 3 mM 
reduced glutathione by an ultrasonic disrupter (Sonifier, Type B-30). Striatum and 
substantia nigra were homogenized in 1.06 and 0.35 ml, respectively. After 
centrifugation (≈ 8 000 x g, 0° C, for 10 min), 200 µl of the supernatant was taken for 
injection into a reversed-phase ion-pair HPLC system. 
 
In the study utilizing microdialysis technique (Paper II), brain tissue was dissected out in 
order to verify the position of the implanted probe.  Whole brain tissue was removed 
from the sacrificed animals and sliced with a vibratome. Probe traces were detected 
macroscopically and excluded from the study in case of significant haemorrhage or 
inaccurate position.  
 
Treatment schedule for radioactivity quantification (Paper I) 
 
To minimize extracerebral catabolism of L-DOPA all animals were given the peripheral 
DOPA decarboxylase inhibitor, carbidopa (20 mg/kg, s.c., Bartholini and Pletscher, 
1969) and the peripheral COMT inhibitor, entacapone (30 mg/kg, s.c., Törnwall et al., 
1994). Thirty min later the rats received an i.v. injection of tritiated L-DOPA (0.06 mCi; 
the rats were placed inside a rat restrainer and the solution was injected into a tail vein) 
and were sacrificed 30, 60 or 90 min thereafter. The rats sacrificed 60 min after L-DOPA 
received either PEITC (100 mg/kg, i.p.) or vehicle 20 min before they were sacrificed. 
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Biochemical analysis of supernatant (Paper I) 
 
The chromatography system analysing the supernatants consisted of a HPLC-pump 
(LKB 2150, Pharmacia LKB Biotechnology Sverige AB, Sollentuna, Sweden), a 
stainless steel column (150 x 4.6 mm, luna 5µ C18, Phenomenex Torrance, CA, USA) 
and an amperometric detector (Waters 460, Millipore Waters, Milford, MA, USA) with a 
glassy carbon working electrode operated at 0.75 V versus Ag/AgCl. An integrator 
(Spectra Physics SP 4270, San José, CA, USA) monitored the resulting current. The 
mobile phase consisted of 0.0125 M K2HPO4, 0.0375 M citric acid, 0.053 mM 
Na2EDTA, 0.26 mM octyl-sulfate sodium salt and 8% methanol (pH ≈ 3). The flow rate 
was 1.1 ml/min. The external standard used for identifying peaks contained 50 ng/ml of 
each of the following compounds: DOPA, DOPAC, DA, HVA, 3-methoxytyramine (3-
MT), 3,4-dihydroxymandelic acid (DOMA), 3,4-dihydroxyphenylglycol (DOPEG), 3-
methoxy-4-hydroxy-mandelic acid (VMA), norepinephrine (NE), 3-methoxy-4-hydroxy-
phenylglycol (MOPEG), normetanephrine (NM), α-methylDOPA (α-MD), 3-O-methyl-
DOPA (3-OMD), 5-hydroxyindoleacetic acid (5HIAA), 5-hydroxytryptamine (serotonin, 
5-HT) and 3-methoxy-4-hydroxyphenylethanol (MOPET) (all compounds from Sigma-
Aldrich Sweden AB, Stockholm, Sweden).  
 
Quantification of radioactivity (Paper I) 
 
Collection of fractions in scintillation vials (POLY Q-vials, Wallac OY, Turku, Finland) 
started immediately after injection of the supernatant into the HPLC-system. The dead 
volume between the analytical cell and scintillation vials was negligible (less than 5 µl). 
Fractions were gathered manually after their passage through the analytical cell at two-
minute intervals, with the exception of the DOPA, DA, DOPAC, HVA and 3-MT peaks, 
which were each separately, collected from start to finish of their peaks. In every 
experiment separate volumes (50 µl) of homogenate and supernatant were also taken for 
scintillation analysis. Scintillation counting was based on a 2 ml volume from each 
fraction in a 10 ml Ready Safe scintillation cocktail (Beckman Instruments Inc., 
Fullerton, CA, USA). Mobile phase was added to those fractions, which did not have the 
required volume, obtaining the total volume of 2 ml. The mobile phase was also used as 
blank in the system (2 ml mobile phase + 10 ml cocktail). The amount of radioactivity, 
disintegration per minute (DPM), of each fraction was then measured in a liquid 
scintillation counter (LS 6500 scintillation system, Beckman Instruments Inc., Fullerton, 
CA, USA) in a sequence of three separate cycles. A schematic illustration of the 
investigation performed in Paper I is given in Fig. 4. 
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Figure 4. A schematic drawing of the experimental procedure for radioactivity 
measurements of the supernatant of dissected tissue. 
 
 
Microdialysis, surgical implantation of probe and performance (Paper II)  
 
Microdialysis technique in the brain is based on utilizing the concentration gradient 
between the interstitial space and a perfusing solution. This is made possible by a semi 
permeable membrane, allowing the passage of water and small molecules while a 
continuous flow of the perfusion fluid is maintained. Diffusion of molecules through the 
membrane into the perfusion fluid permits the analysis of molecules in the collected 
dialysate, representing extracellular concentrations in the brain. In order to minimize 
contamination in the dialysate caused by a damaged blood brain barrier (BBB), it is 
necessary to allow the tissue to recover after implantation of the membrane and the 
connected in/outlet tubing (so called microdialysis probe). It has been shown that BBB 
regains an intact form roughly 30 min - few hours after probe implantation as measured 
by the concentrations of the amino acid α-aminoisobutyrate in rabbits. Approximately 24 
hours following surgery, the concentration of this amino acid has shown a satisfactory 
correlation to the corresponding cerebrospinal fluid concentrations (CSF) (for a more 
detailed review on micorodialysis see Benveniste, 1989 and Benveniste and Hüttemeier, 
1990). There are however some downsides in using microdialysis which are first and 
foremost attaining the balance between a reasonable concentration measurement (without 
an unnatural rise in transmitter concentration due to damaged tissue) and avoiding gliosis 
(caused by prolonged presence of the implanted probe). There is also the difficulty of 
accurate surgery in smaller nuclei of the brain. The method is also time-consuming, but 
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altogether is considered as one of the best suitable methods of date for estimating the 
extra cellular concentrations of neurotransmitters in vivo.  
 
During probe implantation, isoflurane anaesthesia (delivered by a Univentor 400 
Anaesthesia Unit, Univentor Ltd., Zejtun, Malta) was administered to maintain surgical 
anaesthesia as determined by loss of tail-pinch and corneal reflex reactions. The 
anesthetized animals were placed in a stereotaxic frame with a horizontal plane through 
lambda and bregma. Microdialysis I-shaped probes, produced at our laboratory 
(described previously by Elverfors et al., 1997) with 20-kD cut off membranes (AN69HF 
membrane, Filtral 16; Hospal Ind., Meyzien, France) and possessing an exposed length 
of 2mm were used. Prior to implantation, the probes were perfused with ethanol (70%) 
followed by Ringer solution (see below for chemical composition) and sealed by heating. 
Probe implantation in the substantia nigra was performed using the following coordinates 
from bregma according to Paxinos and Watson (1986): A/P -5.3, L/M -2.3 and V/D -8.6. 
The animals received an immediate postoperative dose of ketoprofen (5 mg/kg, s.c.) for 
analgesia. All animals received a plastic collar for later attachment to the swivelled 
perfusion arm and were allowed to recover in separate cages for approximately 40 hours 
after which the microdialysis experiments were conducted. For the evaluation of free 
radical production, animals were anaesthetized either with isoflurane, which is a CYP2E1 
substrate, or a mixture of ketamine (90 mg/kg) and xylazine (20 mg/kg) as the opposing 
anaesthetic. Extra fluid in form of 4 x 1.0 ml 0.9% NaCl (s.c.) was administered if 
surgery was performed using ketamin-xylazine anaesthesia. Probe implantation and 
general microdialysis technique were identical with the procedures performed in the 
experiments on DA and DA metabolites.  
 
On the day of experiment the inlet of the probe was connected to a perfusion pump 
(CMA/100; Carnegie Medicine, Sweden) and the outlet tube was attached to collecting 
plastic vials via the swivel perfusion system. The probes were then perfused with 
modified Ringer solution (140 mM NaCl, 1.2 mM CaCl2, 3.0 mM KCl, 1.0 mM MgCl2, 
according to Moghaddam and Bunney, 1989) at a rate of 2.1 μl /min and allowed to 
equilibrate for one hour; henceforth basal values were obtained in three consecutive 
samples. A volume of 42 μl dialysate was collected for each 20 min sample and was 
immediately analyzed in the HPLC-system. Dialysate samples of volume of 52.5 μl were 
collected during 25 min for analysis of free radical production.  
 
Treatment schedule during microdialysis performance (Paper II) 
 
Directly after attainment of baseline values the animal was injected with a drug or 
appropriate vehicle according to the experimental procedures and further samples were 
collected under the remaining time of the experiment. In experiments conducted with 
reserpine, GBR-12909 and GBL, drug injection was followed 120, 80 and 40 min, 
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respectively, by administration of PEITC (100 mg/kg, i.p.) or vehicle. In the tetrodotoxin 
experiment 1 μM of the drug was perfused through the microdialysis tubing after 
baseline dialysate collection. For the evaluation of free radical production, the perfusion 
of 20 μM 4-HB dissolved in the modified Ringer solution, was started immediately after 
baseline (first three samples) dialysate collection. This perfusion proceeded for a period 
of 75 min and was replaced by modified Ringer solution after discontinuation. 
 
Biochemical analysis of dialysate (Paper II) 
 
An HPLC-system with electrochemical detection was used to analyse the dialysate 
samples. The samples were analyzed in a split fraction system developed by Lagerkvist 
(1999). The system consisted of a cation-exchange HPLC column for detection of DA 
and a reverse-phase system for its metabolites DOPAC and HVA. After sample 
collection, each vial was immediately placed in a refrigerated microinjector (CMA/200, 
CMA Microdialysis AB, Solna, Sweden) containing two sample loops. A sample volume 
of 26 μl was injected into the cation-exchange column (Nucleosil 5μ SA 100A, 150 x 2.0 
mm Phenomenex, Torrance, CA, USA) , with a mobile phase consisting of 0.049 M 
citric acid, 0.0114 M NaOH, 0.012 mM Na2EDTA and 20% methanol (pH = 5.3-5.5). 
The reverse phase column (Nucleosil 3μ C18 100A, 2.0 x 50 mm, mM Na2EDTA) was 
injected with 11 μl of dialysate. The mobile phase for this detection system contained 
0.010 M K2HPO4, 0.040 M citric acid, 0.012 mM Na2EDTA, and 5% methanol (pH = 
2.8-2.9). An amperometric detector was used for the detection of DA (Decade detector, 
Antec Leyden, Leiden, Netherlands) which operated at 0.45 V versus an Ag/AgCl 
reference electrode. Another amperometric detector (Waters 460, Millipore Waters, 
Milford, MA, USA), was operated at 0.8 V versus an Ag/AgCl reference electrode and 
used to detect DOPAC and HVA. The currents were integrated with a chromatography 
software package (Dionex Chromeleon, Dionex, Sunnyvale, CA, USA) on a Windows 
NT PC platform. An external standard containing 3.26 nM DA, 297 nM DOPAC and 274 
nM HVA was used. The detection level of DA was three times the noise level (~ 0.02 - 
0.07 nM = 0.02 - 0.07 fmol/µL dialysate). 
 
Free radical measurement analysis (Paper II) 
 
The HPLC-system used for the detection of free radicals (3, 4-HB) contained a reversed 
phase column (Synergi 4μ Hydro-RP 80A New Column 250 x 4.6 mm, Phenomenex, 
Torrance, CA, USA) together with a pre-column (C18 4 x 3.0 mm 10/Pkg, Security 
Guard Cartridge, Phenomenex, Torrance, CA, USA) and a similar amperometric detector 
as used for the DA detection (see biochemical analysis of dialysate in Paper II), 
operating at + 0.7 V. The mobile phase was composed of 0.010 M K2HPO4, 0.040 M 
citric acid, 0.053 mM Na2EDTA, 0.11 mM octyl-sulphate sodium salt and 13.5% 
methanol (pH = 2.44). The resulting current was monitored by an integrator (Spectra 
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Physics SP 4270, San José, CA, USA). Dialysate volume of 50 μl was injected into a 
Rheodyne 7725 injector. An external standard of 5 nM 3, 4-HB was used. 
 
Considerations regarding free radical detection 
 
Using 4-HB as the trapping agent has both advantages and disadvantages (Chen and 
Stenken, 2002; Liu et al., 2002; Marklund et al., 2001; Ste-Marie et al., 1996; Ste-Marie 
et al., 1999). The advantages are: a) 4-HB is a better •OH trapping agent compared to 
salicylate (2-hydroxy-benzoic acid) because there is only one hydroxylated output (3, 4-
HB) created, avoiding splitting of the signal into two or more products, b) 3, 4-HB is a 
stable product which can be measured by HPLC or alternative methods, c) the auto-
oxidation of 4-HB is less pronounced than that of other salicylates, and finally d) 4-HB 
can penetrate the blood brain barrier by means of an acidic transporter implying that it 
also can enter the brain after systemic administration. In some pilot studies we 
administered 4-HB systematically (up to 400mg/kg, i.p.) and were able to detect its 
product to some extent in the dialysate (unpublished data). Disadvantages with 4-HB are 
similar as for any other trapping agent used together with the microdialysis technique. 
The major points to consider are that exposure to light, air, metal or plastic surfaces can 
cause a spontaneous production of 3, 4-HB. This is however more pronounced when high 
concentrations of 4-HB (~ 1mM) are used. To reduce spontaneous unspecific production 
of 3, 4-HB, we minimized the exposure of the 4-HB solution to light, used glass syringes, 
shorter dialysis tubing and utilised a relatively low concentration of the compound (20 
μM). To avoid formation of hydroxylated of 4-HB by peroxynitrous acid (ONOOH), 
produced by interaction between increased NO caused by isoflurane (Baumane et al., 
2002) and superoxide (O2

● ─) from damaged tissue, the tissue was allowed to recover for 
48 hours after probe implantation. 
 
 
Genetic studies (Papers III and IV) 
 
A polymorphism-based study was conducted in Paper III. A polymorphism is a 
genetically determined variation which affects a minimum of 1-2% of the population 
under study. These heritable DNA changes permit the occurrence of genetic diversity in a 
population. In this paper, the CYP2E1 gene was examined in a control population and a 
population with PD using a tag-single nucleotide polymorphism (tSNP) approach 
founded on HapMap (The International HapMap consortium, 2003) data. A tSNP is a 
single nucleotide polymorphism (SNP) which represents a non-haphazard and frequent 
association of alleles at different loci i.e. linkage disequilibrium (LD). This allows 
investigating polymorphic variations of the genome with high LD, without having to 
genotype all SNPs in the studied chromosomal region and facilitates the search for 
genotype-disease connection. Six t-SNPs were used in the analysis in Paper III, and 
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haplotype block (a set of inherited and associated SNPs in near location and on the same 
chromosome) data was obtained. In case of significance, the SNP was further examined 
regarding early/late age of disease onset and possession of relatives with PD. The 
analyses were carried out using TaqMan technology or pyrosequencing method.  
 
In Paper IV, the possibility of existence of alternatively spliced variants of CYP2E1 was 
investigated in five putamen and two caudate nuclei obtained from five deceased 
individuals. Total RNA was extracted from these tissues and converted to cDNA. 
Thereafter, CYP2E1 cDNA was amplified by a polymerase chain reaction (PCR) and 
subjected to gel electrophoresis, exposing the spliced isoforms. 
 
Ethics 
 
All participants in the study conducted in Paper III were included after giving their 
informed consent and the study was approved by the ethical committees at University of 
Gothenburg and Karolinska Institute. The study performed in Paper IV was approved by 
the ethical committee at University of Gothenburg.  
=
Cohorts 
 
PD Patients in Paper III were diagnosed according to the “Brain Bank clinical diagnostic 
criteria” (Daniel and Lees, 1993) except that presence of more than one relative with PD 
was not an exclusion criterion. The patients were recruited from Sahlgrenska University 
Hospital in Gothenburg, Karolinska University Hospital in Stockholm and hospitals in 
Skövde and Falköping, Sweden. The control subjects in Paper III were individuals 
visiting hospitals and care centres in Gothenburg and Stockholm. Additional information 
concerning possible first/second/third degree relatives with PD and age at the time of 
blood donation were recorded for both patients and controls when possible. Furthermore, 
age of disease onset noted as the beginning of symptoms was obtained from the PD 
patients. The demographic data for patients and controls are summarised in Table 1 in 
Paper III.=The studied individuals in Paper IV were of European origin and had passed 
away at 65-83 years of age, during the years 1988-1989 at Sahlgrenska University 
Hospital. None of the individuals had any sign of neurological/neurodegenerative 
disease.=
 
Genomic extraction and techniques 
 
For genomic DNA extraction in Paper III, blood samples were immediately frozen after 
withdrawal. Extraction was carried out by a ML STAR instrument (Hamilton Robotics, 
USA), using the AGOWA® mag Maxi DNA isolation Kit Plus (AGOWA GmbH, 
Germany). In order to cover most of the genetic variability of the CYP2E1 gene, six 
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tSNPs were chosen according to implications by the HapMap project 
(http://www.hapmap.org/) using pairwise tagging, r2 cutoff ≥ 0.8, Mean Allele Frequency 
≥ 0.1 and population CEU (Utah residents with ancestry from northern and western 
Europe). For details concerning the chosen SNPs see Paper III.  
 
Total RNA (Paper IV) from the right putamen of five deceased individuals was extracted 
using the RNeasy Lipid Tissue Kit (QIAGEN Inc., USA).  Furthermore, total RNA of the 
caudate nucleus of two of these individuals was also purified using the same procedure. 
This kit is designed for the best possible extraction of RNA from tissues rich in fat, such 
as brain. SuperScriptTM II Reverse Transcriptase Kit (Invitrogen Corporation, USA) was 
used to synthesize cDNA, utilizing 1µg of the purified RNA and 0.5 µg Oligo(dt) 
primers. Samples without addition of superscript reverse transcriptase (-RT) during 
preparation of cDNA were considered as negative controls. The normalization of 
CYP2E1 cDNA was carried out using the housekeeping gene glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). 
 
TaqMan® single nucleotide polymorphism assay 
 
TaqMan® method is founded on Real-time polymerase chain reaction (Real-time PCR) 
implementation and resembles standard PCR method with the exception that a double-
labelled fluorogenic probe (TaqMan probe) is used (De la Vega et al., 2005). The probe 
is a single stranded oligonucleotide (>20 nucleotides) complementary to a segment of the 
DNA which includes the selected SNP and anneals to the template between the two 
primers. It contains a fluorescent reporter (flurophore) molecule and a quencher at its 5’ 
and 3’ ends respectively. As DNA synthesis proceeds reaching the bound probe, 
degeneration of the probe is executed by the exonuclease activity of the Taq polymerase 
releasing the flurophore from the molecule and hence from the quencher, allowing 
detection of fluorescence.  A cluster plot is produced and interpreted for all the samples. 
In this way, allelic discrimination is achieved following amplification in “real time”. An 
illustration of TaqMan method is given in Fig. 5. 
 
In Paper III, genotyping was performed (with the exception for one SNP) by 5’nuclease 
allelic discrimination TaqMan assays containing fluorescently (VIC/FAM) labelled 
probe/primer sets for selected SNPs, purchased from Applied Biosystems Inc., Foster 
City, USA. All assays were carried out in accordance to the manufacturer’s 
recommendations utilizing TaqMan technology and the ABI 7900 Sequence Detection 
System. Genotypes were analyzed by the SDS v 2.2.1 software (Applied Biosystems 
Inc., Foster City, USA).  
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Figure 5. An illustration of the TaqMan method utilizing a TaqMan probe. a) The 
TaqMan probe and the template prior to extension. b) The flurophore is released during 
extension.  Abbreviations: F, flurophore; Q, quencher. 
 
 
Pyrosequencing™ 
 
Due to the low rate of determined genotype for one analysed SNP exploiting the TaqMan 
assay, the analysis of this SNP was carried out using the pyrosequencing method 
(Biotage, UppsalaSweden) according to this supplier’s instructions.  
 
The pyrosequencing method is initiated with adding of different nucleotides (dXTPs), 
one at a time, to the single stranded DNA by the act of DNA polymerase (Fakhrai-Rad et 
al., 2002). This occurs subsequent to binding of a short sequenced primer to the template 
in the vicinity of the SNP in question. Incorporation of the dXTP leads to the release of 
pyrophosphate (PPi), which is converted to adenosine-5'-triphosphate (ATP) through the 
action of ATP-sulfurylase. Thereafter, a luciferin molecule is converted to oxyluceferin 
by luciferase, utilizing the produced ATP. Energy in form of a light signal is emitted and 
detected during this last reaction, portrayed as a peak in a pyrogram™. In order to avoid 
consumption of dATP by luciferase and causing misleading signals, deoxyadenosine 
alpha-thio triphosphate (dATPαS) is used as a substitute. Degradation of excess dXTP 
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and ATP is carried out by the enzyme apyrase prior to addition of the next dXTP. Hence, 
an absence of signal is apparent in case of a non-corresponding dXTP against the studied 
SNP. A schematic illustration of pyrosequencing is given below in Fig. 6. 
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Figure 6. A schematic illustration of the Pyrosequencing™ method. The enzymes 
catalysing the different stages are: a, DNA Polymerase; b, ATP Sulfurylase; c, 
Luciferase. Abbreviations: dXTP, a deoxynucleoside triphosphate; PPi, pyrophosphate, 
ATP,  adenosine-5'-triphosphate. 

 

Statistical methods 
 
Paper I: 

• Student’s t-test was used for evaluation of differences of total radioactivity of 
homogenised tissues between nuclei.  

• Differences between corresponding fractions of tissue samples from the two brain 
nuclei were statistically analysed by calculating confidence intervals on the 
differences between values from the two nuclei for each rat, in the respective 
supernatant fraction. Bonferroni adjustment was applied to all confidence 
intervals. 

• Differences between controls and treated samples for each tissue were statistically 
evaluated by two-way ANOVA followed by Bonferroni adjustment. 

 
Paper II: 

• One-Way Analysis of Variance (One-Way ANOVA) followed by Bonferroni post 
hoc test was used for comparison between treatment and baseline values in 
experiments performed using PEITC, reserpine and TTX. In the experiments with 
reserpine the concentration of DA were at some time points below the detection 
limit and therefore replaced by a value corresponding to this limit in order to 
allow performance of statistical calculations.  

• The same statistical method as above was used to estimate the effect of GBR-
12909, GBL and 4-HB, where treated and untreated animals were compared. 
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Paper III: 

• Deviation from Hardy-Weinberg equilibrium was calculated by Chi square (χ2) 
test. 

• Haplotype block estimation for evaluation of differences between patients and 
controls was conducted using Haploview software and a permutation test 
procedure consisting of 100 000 permutations was applied. 

• Fisher’s exact test was performed for comparing allele frequencies between 
patients and controls.  

• In case of significant association, χ2 test was used for genotype analysis between 
these groups and also for further statistical analysis of the significant SNP 
considering age of onset and recorded first/second/third degree relatives with PD. 

 
P> 0.05 was regarded as the significant level in all performed statistical analyses. 

 
 

 
RESULTS 

 
 
Studies on dopamine metabolism and release 
  
In the first part of the thesis, post-mortem analysis of dissected rat brain tissue, with or 
without the inhibition of CYP2E1 was conducted. This was executed after administration 
of radioactive L-DOPA with the purpose to reveal possible effects of CYP2E1 inhibition 
on the pattern of DA metabolism in the striatum and substantia nigra. This initial study 
was followed by an in vivo microdialysis examination of DA release in the substantia 
nigra, in which the effects of a CYP2E1 inhibitor combined with various 
pharmacological tools known to affect DA neurotransmission were analysed. In addition, 
a preliminary investigation of ROS production was undertaken. 
 
In Paper I a new method was developed to generally widen the search for alternative 
metabolites of DA, and more specifically to study the effects of CYP2E1 inhibition on 
DA metabolism. The method is based on systemic administration of tritiated L-DOPA 
and subsequent radioactivity measurements of reversed-phase ion-pair HPLC-separated 
fractions derived from dissected brain tissue. It was possible to identify and separate 
fractions containing the major catecholamines and their metabolites. By optimising the 
chromatography conditions a total separation of the substances L-DOPA, DOPAC, DA, 
HVA, 3-MT, NM, α-MD, 3-OMD, 5HIAA and 5-HT could be achieved. The amount of 
radioactivity, in the different fractions varied considerably. The fraction that contained 
DA showed the highest proportional amount of radioactivity, and being significantly 
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higher in the substantia nigra than in the striatum. Relatively high radioactivity was also 
observed in the L-DOPA and DOPAC fractions, but radioactivity was low in the HVA 
and 3-MT-fractions. Moderate radioactivity was observed, especially in the substantia 
nigra, in the first three 2-min fractions. The last two of these fractions contained NE and 
its metabolites DOMA, DOPEG, VMA and MOPEG. The radioactivities of three 
fractions, where no known metabolites are localised, were also significantly higher in the 
substantia nigra than in the striatum. These were the fraction after L-DOPA and the 
fraction before HVA (at 30 and 60 min, respectively) and the first 0-2 min fraction (at all 
time intervals). The relative distribution of radioactivity did, however, not significantly 
differ between the three time intervals in either brain region, except for the fraction 
containing L-DOPA showing a progressive decline with time in both brain parts. In 
addition, when total homogenate radioactivity was normalised to tissue weight, no 
significant difference was seen between the two brain structures or during the time course 
that was investigated for each tissue.  

 
Treatment with PEITC increased the relative radioactivity in the second 2-min fraction 
from both nuclei (see Fig. 3, Paper I). There was, however, no difference in the total 
homogenate radioactivity/tissue weight between the controls from either tissue and 
PEITC treated rats (measured 60 min after L-DOPA administration). The radioactivity of 
the L-DOPA, DA, DOPAC, HVA and 3-MT fractions were similar in controls and in 
PEITC treated rats and were not included in the statistical analysis because they were not 
relevant for the tested hypothesis (alternative DA metabolites).  

 
In order to elucidate the mechanisms responsible for the increase in extracellular DA 
concentration in the substantia nigra induced by CYP2E1 inhibition, the effects of the 
CYP2E1 inhibitor PEITC on extracellular DA in rat, monitored by in vivo microdialysis, 
was analysed following administration of pharmacological tools interfering with different 
aspects of dopaminergic neurotransmission, i.e. GBR 12909 (inhibition of DA reuptake), 
γ-butyrolactone (inhibition of firing rate of DA neurones), tetrodotoxin (inhibition of 
voltage dependent sodium channels) and reserpine (inhibition of DA storage) (Paper II). 
The administration of PEITC (100 mg/kg, i.p.) induced a robust increase in extracellular 
DA, as measured by microdialysis, peaking at ~ 200 % of the basal value and confirming 
a previous investigation (Nissbrandt et al., 2001). The addition of PEITC to GBR-12909 
pre-treated animals (4 mg/kg, s.c.), also induced a rise in DA, peaking at ~ 350% of the 
basal value. Prior to PEITC administration a gradual increase of nigral extracellular DA 
concentration by maximally ~ 95 % was observed following GBR-12909 treatment. GBL 
treatment (750 mg/kg, i.p.) induced a clear-cut decrease of the nigral extracellular DA 
concentration to 30-50 % of the basal value. When PEITC was given to these animals 
DA increased rapidly, reaching around 250% of the basal value. Local perfusion of 1 μM 
of TTX induced a rapid decrease of measured DA concentration to minimally 13 %. No 
further significant effect on extracellular DA concentration was seen in these animals 
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after injection of PEITC. Systemic administration of reserpine (5 mg/kg, s.c.) also caused 
a rapid decline of the DA concentration in the substantia nigra below the detection limit 
and additional treatment with PEITC, 120 minutes following reserpine administration, 
did not raise the DA concentration above this limit. 
 
Experiments investigating the effect of isoflurane on free radical production 
demonstrated an apparent distinction between this method of anaesthesia and the 
combined ketamine (90mg/kg, i.p.) and xylazine (20mg/kg, i.p.) procedure. In animals 
anaesthetized by the former drugs during probe implantation surgery, no significant 
increase in dialysate 3, 4-HB concentration could be seen following local 4-HB (20μM) 
administration. However, in animals anaesthetized by isoflurane, an increase was 
observed (see Fig. 6, Paper II). The 3, 4-HB concentration increased immediately after 
4-HB administration and reached a peak of approximately 750% of basal value, which 
declined after discontinuation of 4-HB. 
 
To ascertain the nature of the analysed peak corresponding to 3, 4-HB, it was necessary 
to carry out random measurements of both 4-HB (20μM) and 3, 4-HB (5nM, according 
to the employed standard solution) through injection of these compounds into the HPLC 
system. This was done in order to exclude the possibility that the peak equivalent to the 
trapped free radical is merely measured 4-HB or caused by spontaneous transformation 
of this substance to 3, 4-HB in the chromatography system used. Chromatograms of 
injected 4-HB and 3, 4-HB are shown in Fig. 7.  
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Figure 7. Chromatogram of injected compound into the HPLC system utilized during 
free radical measurements. a) Chromatogram of injected 4-HB (20μM) and b) 
Chromatogram of injected 3, 4-HB (5nM), demonstrating a peak corresponding to the 
retention time for this substance according to a standard solution.  
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Injection of 20μM 4-HB did not create a quantifiable peak during any occasion of 
random analysis and hence could not disturb or augment 3, 4-HB measurements, whereas 
a peak caused by injection of 5nM 3, 4-HB was apparent (Fig. 7). These random 
examinations were also performed for testing of the microdialysis probe, tubing and 
connected swivelled perfusion system when not attached to animals but perfused with 4-
HB. No noticeable peak caused by 4-HB or production of its metabolite was ever 
recorded utilizing 20μM 4-HB.  Conversely, an increase in size of the peak constituting 
of 3, 4-HB was evident during mircrodialysis sample measurements subsequent to 
perfusion of 20μM 4-HB into the animals (Fig. 8).  
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Figure 8. Chromatogram of a microdialysis sample, 75 min subsequent to perfusion start 
with 20μM 4-HB. A much noticeable rise in the concentration of 3, 4-HB is evident. 
 
Together, the results in Papers I and II indicate that CYP2E1 inhibition induced by 
PEITC alters the metabolic pattern of L-DOPA and that the increase in extracellular DA 
is critically dependent on reserpine-sensitive stored DA and voltage dependent sodium 
channels.  
 
Studies on genetic variations of cytochrome P450 2E1 
 
The genotypes for all investigated polymorphisms among the control population were 
distributed according to the Hardy-Weinberg (P > 0.01) equilibrium. Allele and genotype 
frequency comparisons between PD patients and control subjects demonstrated 
significant differences for one of the studied polymorphisms, namely a C/G 
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polymorphism positioned at intron 7. This SNP displayed higher frequency of the C 
allele in PD patients. The same polymorphism was further analyzed regarding age of 
disease onset, illustrating the same pattern of association for both genotype and allele 
frequencies in PD patients with an age of onset later than fifty years of age. However, no 
significance was obtained analyzing this polymorphism regarding earlier disease onset. 
The same single marker also showed a significant relation in genotype, allele and 
haplotype frequencies (the haplotype association was, however, not significant following 
permutation test) while comparing PD patients not having relatives with PD with 
controls, illustrating the higher frequency of the C allele in patients. PD patients having a 
relative affected with PD showed no significant association for this marker in comparison 
to controls (for details on obtained significances see Paper III).  
 

Investigation of putamen of the five individuals in Paper IV revealed two possible 
variants of amplified CYP2E1 cDNA. The appearance of a dominant band characterizes 
a molecular weight higher than the 1114 bp of the molecular ladder which could 
correspond to the unspliced (wild type) form of the enzyme having 1228 bp. This form of 
CYP2E1 is seen in all the five inspected putamen nuclei. The other apparent band in 
these nuclei is a weaker luminescence just below 1114 bp, presumably representing the 
spliced form consistent with a CYP2E1 spliced alternative (GenBank mRNA sequence: 
AJ853939) in NCBI-Ace View (at http.//www.ncbi.nlm.nih.gov/). The two caudate nuclei 
examined also showed the unspliced wild type of CYP2E1. In addition, in the latter brain 
part of one of these individuals, the same alternative spliced variant as seen in the 
putamen was distinguished. 

 

Results from Papers III and IV indicate a CYP2E1 gene polymorphism association with 
PD and demonstrate diverse spliced variations in human brain. 

 

 
DISCUSSION 

 
Studies on dopamine metabolism and release 
 
Radioactive probe 
 
The choice of exploiting L-DOPA with a tritiated ring as the radioactive probe was 
grounded on several factors (Paper I). These were availability of the compound, uptake 
into the CNS (which ruled out DA as a probe), high and specific detection (reduced in 
case of employing tyrosine) and reduction of non-specific labelling caused by 

 43



Haydeh Niazi Shahabi 

rearrangement or loss of 3H. Considering the latter matter, assuring the continuity of 
radioactivity through the steps leading to DA and its metabolites could be strengthened 
through the use of L-DOPA with a tritiated ring. Moreover, a putative novel metabolite is 
more likely to consist of the roughly unchanged aromatic part of DA. Applying 6-
[18F]fluro-DOPA in this study was not preferred due to some differences in the 
pharmacokinetics properties of this substance and endogenous L-DOPA. Metabolites of 
fluro-DOPA posses more lipophilic characteristics than the endogenous substances and 
this can alter the retention time in the HPLC system. Moreover, due to a higher extent of 
acidity, this substance has more affinity for COMT and phenol-sulfotransferase, and in a 
comparative study on in vivo metabolism of tritiated- and fluro-DOPA, the former 
contributed in a higher degree to the synthesis of DA in the striatum (Melega et al., 
1990). We are nevertheless aware that the 6-position label is a potential location for a 
nucleophilic attack during oxidation of catecholamines and also sulfoconjugation. This 
could be a source of radioactivity from non-DA related molecules. However, this 
“unspecific” radioactivity does not necessarily have to be in the front fractions, where the 
highest DPM values were registered.  
 
Distribution of radioactivity 
 
The overall pattern of radioactivity suggests a very rapid initial uptake of L-DOPA after 
i.v. administration and a rapid conversion to DA in both nuclei. It is also apparent that the 
DOPAC radioactivities are much higher than the HVA radioactivities and indication of a 
decrease in DOPAC and an increase in HVA is seen with time; findings which 
correspond to the endogenous tissue concentrations and metabolic path of these 
metabolites (Elverfors and Nissbrandt, 1991, 1992; Rutledge and Johanson, 1967; 
Westerink and Korf, 1976). The 3-MT fraction has negligible radioactivity, also in 
analogy with the very low endogenous concentrations in the brain (Westerink and Spaan, 
1982; Wood and Altar, 1988). A major finding in Paper I is higher amount of 
radioactivity from the substantia nigra as compared to the striatum in the three front 
fractions (No. 1-3 in Fig. 2 in Paper I), No. 2 and 3 containing inter alia NE and its 
metabolites. The opposite is, however, true for the DA fractions. The explanation for 
these differences are probably that NE-containing neurones are relatively more abundant 
in the substantia nigra than in the striatum, illustrated by a higher relative molar 
concentration of NE in the substantia nigra ( ≈ 30% of DA) in comparison to the striatum 
( ≈ 5% of DA). Due to this difference, relatively more radioactive L-DOPA will be 
synthesized to NE in the substantia nigra and to DA in the striatum. In addition, there are 
lower ratios of DOPAC/DA and HVA/DA in the striatum verifying a slower DA 
turnover in this tissue (see below).  
 
The fact that the total DPM of homogenate/g tissue was similar in the two nuclei is 
intriguing and signifies that the uptake/retention of radiolabelled L-DOPA-derived 
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products were similar in these regions, even though differences have been suggested 
(Cumming et al., 1994; Hartvig et al., 1992; Lindner et al., 1995). Intuitively, striatum 
should show higher radioactivity per g weight than the substantia nigra, due to its much 
higher DA concentration (~ 10 times higher) (Elverfors and Nissbrandt, 1992; Nissbrandt 
et al., 1985) which reflects DA synthesis, storage and release capacity. L-DOPA uptake 
in NE (see above) or 5-HT neurones (both being more abundant in the substantia nigra) 
does not provide sufficient capacity to explain the similarity in radioactive retention in 
the two brain parts. A more rapid fractional synthesis rate of DA in the substantia nigra 
compared to the striatum (Nissbrandt and Carlsson, 1987; Nissbrandt et al., 1985), 
founded on a relatively more rapid conversion of L-DOPA to DA and its metabolites 
could be an additional cause of this finding.  
 
It should also be noted that L-DOPA-derived radioactivity tightly bound to tissue and 
therefore not present in the eluate following centrifugation, was not analysed. 
Theoretically, differences in the amount of such radioactivity between the substantia 
nigra and the striatum could account for the unexpected similarity between the brain 
parts. Such retention may be unspecific, i.e. consisting of radioactivity not derived from 
DA/NE-synthesis/metabolism and could in theory be examined by analysing brain 
structures devoid of DOPA decarboxylase. It is, however, not easy to find a suitable brain 
region to study for this purpose because monoaminergic neurones are widely distributed 
in the brain. 
 
In short, the findings indicate that the method is suitable for studying the metabolism of 
L-DOPA and DA. Bearing in mind the mentioned aim of the study, i.e. searching for 
novel DA metabolites, it was important to gather fractions from the whole 
chromatogram, even in the absence of an apparent peak or known metabolite. Indeed, 
radioactivity was also seen in such fractions. Because the first 0-2 min fraction contained 
considerably higher amount of radioactivity than the estimated limit of impurities, it is 
likely that this fraction may represent in vivo generated products of L-DOPA. Further 
separation and analysis of this fraction will be an interesting future project. Furthermore, 
the other fractions not containing known metabolites should not be disregarded as 
sources for further investigation since some of these fractions consisted of as much or 
even more tritium than for example the HVA fractions. It is also interesting that 
radioactivity in fraction No. 2 became relatively higher in both nuclei following PEITC 
administration (Fig. 3 in Paper I). In view of the short time elapsed after PEITC 
injection, the increased radioactivity could not be due to induction of the enzymes 
producing DOMA and DOPEG (see Fig. 2). An inhibition of COMT is neither probable 
because the radioactivity is not altered in fraction No. 3, containing VMA, nor in the 
HVA fraction (mean ± SEM value for HVA in substantia nigra: control = 0.021 ± 0.005, 
+ PEITC = 0.033 ± 0.008; in the striatum: control = 0.032 ± 0.002, + PEITC = 0.037 ± 
0.003; previously unpublished findings), both being metabolites produced by COMT. 
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Therefore, it is more likely that another L-DOPA derived molecule, which synthesis or 
degradation is affected by PEITC, is present in fraction No. 2. PEITC treatment did not 
however alter total tissue radioactivity indicating that uptake/retention of L-DOPA is not 
altered by the activity of CYP2E1 in either nuclei. In interpreting the present results, it is 
with vigilance that we propose the involvement of this enzyme in L-DOPA/DA 
metabolism. Better analysis of the front fractions is needed, such as separation of each 
NE metabolite. In the case of suspected novel metabolites complementary methods is 
necessary for identification. 
 
Extracellular dopamine 
 
The experimental approach in Paper II was undertaken in order to elucidate mechanisms 
responsible for the previously reported increase in nigral extracellular DA induced by 
three different CYP2E1 inhibitors. Animals receiving a pre-treatment of the DA uptake 
inhibitor GBR 12909 subsequent to PEITC administration, showed the same relative 
level of increase in extracellular DA concentration as those not pre-treated with GBR 
12909. This finding points to an additive effect of these two drugs, implying that the 
effect of PEITC on extracellular DA is not via inhibition or reversal of the DA 
transporter. Likewise, the outcome of co-administration of PEITC and GBL was an 
apparent increase in extracellular DA concentration, indicating absence of interference of 
PEITC on the firing rate. Notably, treatment with GBL only caused a modest decrease in 
nigral extracellular DA in contrast to the effect seen in the striatum, illustrating a possible 
lack of total dependency of DA release on neuronal firing of dopaminergic substantia 
nigra neurones. 
 
The abrupt decrease in extracellular nigral DA concentration caused by TTX perfusion 
confirms that nigral DA release relies on locally functional voltage dependent sodium 
channels, in line with previous reports (Santiago and Westerink, 1992). An added effect 
of TTX could be local blockade of the excitatory input (action potential) to the 
dopaminergic neurones, causing a somewhat larger decline in DA release as compared to 
the relatively moderate effect of GBL administration. The increase in DA release induced 
by PEITC treatment alone was not observed during TTX perfusion indicating that the 
effect of PEITC is on the physiological releasable pool of DA and points against the 
possibility of unspecific toxic aftermath by PEITC. This conclusion was further validated 
during treatment with reserpine, where the decline in extracellular DA concentration in 
the substantia nigra caused by reserpine was maintained also after PEITC delivery.  
 
The TTX and reserpine data could indicate that the increasing effect of PEITC on nigral 
extracellular DA is absent due to a very low extracellular DA pool. Therefore, it would 
be tempting to conclude that the effect of PEITC is executed on released DA and 
postsynaptic to the dopaminergic neurones. This must be considered as one possibility. 
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For example, CYP2E1 has been found in glia cells, although not in the substantia nigra 
(Watts, et al., 1998). However, if the interaction by PEITC is postsynaptic, the effect of 
PEITC following GBL pre-treatment would not be so large, rather a doubling of the DA 
concentration following GBL administration would be expected. Another possibility is 
that the effect of PEITC is presynaptic and that PEITC increases the amount of DA that 
is available for release, implying that what we observe following PEITC is an increased 
release of DA. A morphological prerequisite for such an effect ought to be that the target 
for PEITC, presumably CYP2E1, is located near or in the same compartment as stored 
DA in the SN. Interestingly, morphological data support the idea of a co-localisation of 
DA and CYP2E1. The intracellular distribution of CYP2E1 in brain tissue is still a matter 
under study but could encompass the same pattern of distribution as in hepatocytes, i.e. 
inter alia bound to the ER (see “Cytochrome P450 2E1” in “Introduction” above). The 
main storage site for DA in dendrites is proposed to be situated in the ER where 
association with tyrosine hydroxylase has been found. Thus, both previous 
morphological data and the pharmacological findings in the present study support the 
presence of DA and CYP2E1 in the same vicinity in the ER. 
 
The fact that an increase in DA radioactivity was not observed during the investigations 
conducted in Paper I following PEITC is likely due to different experimental procedures. 
It is important to point out that supernatant of homogenized tissue contains both intra- 
and extracellular DA and that the overwhelming part of DA in supernatant originates 
from the intracellular pool of DA. Therefore, it is likely that the increase in extracellular 
DA caused by PEITC is masked by the large unaffected amount of intracellular DA.  
 
PEITC as a CYP2E1 inhibitor 
 
There are at present no selective CYP2E1 inhibitors available. Available CYP2E1 
inhibitors, apart from interfering more or less with other CYP isoenzymes, also affect 
other enzymes and even other targets for drugs. In the study by Nissbrandt (Nissbrandt et 
al., 2001), three different inhibitors of CYP2E1 were employed. PEITC demonstrated the 
most robust effect on DA release in the substantia nigra and therefore the drug at the 
exploited dose became the drug of choice in our investigations. To investigate dose-
response relationship for PEITC was beyond the scope of this project. Although the 
inhibitory effect of PEITC in vivo on the activity of CYP2E1 in the brain has not yet been 
investigated, there are reasons to believe that the dose used in the present study would 
induce a considerable decrease of the activity of the enzyme in the brain. Intragastric 
administration of PEITC to rat, in doses comparable to the dose used in the present study, 
have been shown to induce an inhibition of liver CYP2E1 activity by at least 70-80 % 
(Lindros et al., 1995; Reicks and Crankshaw, 1996). Furthermore, the drug will most 
likely pass the blood-brain barrier as it is highly lipophilic.  
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One important matter throughout both investigations is the selectivity of PEITC as an 
inhibitor of CYP2E1. This drug is a competitive inhibitor of the enzyme exhibiting a 
relatively low Ki value for the enzyme (Ishizaki et al., 1990; Jiao et al., 1996; Leclercq et 
al., 1998; Lindros et al., 1995). However, mechanism-based invactivation of the enzyme 
by PEITC has also been reported, leading to destruction of the apoprotein (Moreno et al., 
2001; Nakajima et al., 2001). This drug has also been mentioned as an inhibitor of 
aldehyde dehydrogenase (Koivusalo and Lindros, 1997). The latter enzyme mediates the 
last step in the synthesis of HVA and DOPAC (Fig.2). Our previous (Nissbrandt et al., 
2001) and current findings show no effect on the concentrations of these metabolites 
following PEITC treatment which argues against such an effect of the drug at the present 
dose.  
 
Some studies have claimed the inhibition of CYP1A1, CYP1A2, CYP3A4, CYP2B1, 
CYP2B6 and CYP2D6 by this substance (Conaway et al., 1996; Morris et al., 2004; 
Nakajima et al., 2001; Smith et al., 1996; Thapliyal and Maru, 2001). Yet, absence of 
immunoreactivity in nigral cells for CYP1A1, CYP1A2 and CYP2B1 in rat brain (Riedl 
et al., 1996; Watts et al., 1996), and also lack of protein expression for CYP2D6 in a 
post-mortem study of human brain (Siegle et al., 2001) have been reported. As for 
CYP2B6, only an un-inducible level of this enzyme has been revealed in the substantia 
nigra (as compared to 12 other brain regions) of the African green monkey (Lee et al., 
2006). Expression of CYP3A4 has not yet been studied in the latter brain part. 
Altogether, these findings argue against an effect of this drug through the action of these 
enzymes in this brain region. 
 
A hypothetical mechanism of action of PEITC would be an inhibitory effect on DBH, the 
enzyme converting DA to NE. Although, there are no investigations reporting such an 
effect, an inhibition of DBH would theoretically induce an increase of DA, released from 
NE containing neurones, and would explain the difference of effect of the drug in the 
striatum and the substantia nigra, since NE content in the former brain part is relatively 
much sparse than in the substantia nigra. Such an effect can however be ruled out since 
PEITC has no effect in the adjacent DA cell body region the ventral tegmental area 
(VTA) (see Fig. 9, unpublished findings), where the ratio of extracellular NE/DA is 2 - 6 
(Chen and Reith, 1995; Gronier et al., 2000), whereas in the substantia nigra the ratio is 
much less, 0,3 - 0,5 (data from our laboratory). Furthermore, the amount of radioactivity 
in fractions Nos. 2-3, containing NE and its metabolites were actually unaffected or 
increased following PEITC treatment (Paper I).  
 
In recent years, PEITC and other thiocyanates have been shown to have anti-cancer 
properties that include the ability to trigger apoptosis (Ferguson and Philpott, 2007; Wu 
and Hua, 2007). There are many theories behind this effect, one is that PEITC binds to 
GSH and thereby decreases the cell’s defense against ROS (Kolm et al., 1995; Zhang et 
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al., 1995). Since ROS production is dramatically increased in cancer cells, these cells are 
predominantly vulnerable to decreased GSH concentrations and subsequent increased 
oxidative stress (Franco et al., 2007). Data supporting this mechanism originates mostly 
from in vitro studies on cancer cell lines (Trachootham et al., 2006; Wu et al., 2005; Yu 
et al., 1998; Zhang et al., 2003) and in vivo studies are scares (Nishikawa et al., 2004), 
showing contradictory results (Okulicz et al., 2005). The effect of this drug on GSH 
levels in normal cells is not yet clear and needs to be evaluated, especially in brain 
regions prone to oxidative stress. Nevertheless, it is not far fetched to speculate that a 
possible GSH reduction caused by a single administration of this drug (as in the present 
performed experiments) would not have a major consequence on cell survival. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. The effect of phenylethyl isothiocyanate (100 mg/Kg i.p.) on the concentration 
of dopamine (DA) in dialysate from the substantia nigra (SN) and the ventral tegmental 
area (VTA). Phenylethyl isothiocyanate was given at arrow. Shown are mean 
concentrations ± SEM. n = 3-5. The mean concentration of three consecutive 20 min 
samples before drug treatment was considered as basal value and set to 100%. Basal 
concentrations of DA (fmol/uL) at 60 min were in the SN = 0.345 ± 0.029 and VTA = 
0.69 ± 0.12. Differences between the groups were statistically evaluated by Student’s t-
test. * P < 0.05, ** P < 0.01. 
 
Although, there is no proof that the effects of PEITC are mediated by CYP2E1 
inhibition, the drug clearly inhibits the enzyme and the overall pattern of effects point to 
an important contribution by CYP2E1 inhibition.  
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Localised effects of PEITC 
 
CYP2E1 has been reported to be located in the substantia nigra, but also the olfactory 
lobes, cerebellum and hippocampus, prefrontal cortex, the accumbens, the striatum and 
the dopaminergic cell body region, the tegmental area (VTA) (Joshi and Tyndale, 2006b; 
Sanchez-Catalan et al., 2008; Yadav et al., 2006). Although the enzyme is localised in the 
striatum, substantia nigra and the VTA, significant effects of PEITC inhibitors on 
extracellular DA has only been seen in the substantia nigra, but not in the striatum or the 
VTA (Nissbrandt et al., 2001 and Fig. 9 in this thesis). An explanation for this mismatch 
could be that the enzyme has different functions in different brain parts. This is not 
unlikely considering the enzyme’s broad substrate specificity. Another, more plausible 
reason could be localisation of the enzyme in different cell populations in different brain 
parts. In the striatum CYP2E1 has been found in striatal blood vessels (Riedl et al., 
1996), in astrocytes of hippocampus and cortex (Tindberg et al., 1996) and in 
dopaminergic neurones in the substantia nigra (Watts et al., 1998). 
 
It is, however, difficult to explain the similar effect of PEITC in the striatum and the 
substantia nigra on the L-DOPA derived radioactivity as compared to the selective effect 
of the drug on extracellular DA, seen only in the substantia nigra but not in the striatum 
(Nissbrandt et al., 2001). One obvious reason could be that the two findings are due to 
separate and different effects of the drug, implying that there are no causal relationship 
between the two different effects.  Another possibility is that the underlying mechanism 
responsible for the effects seen on radioactivity is coupled to an increase in extracellular 
DA but only in the substantia nigra, due to different regulation of DA release in the two 
brain parts. Different regulation of DA neurotransmission in the terminal region (the 
striatum) and the cell body/dendritic region (substantia nigra) is not unlikely. Some 
differences have in fact been reported regarding DA storage and regulation of DA 
synthesis and release (see Introduction), although at present, the knowledge is 
insufficient as a basis for speculation regarding the different effects in the two brain 
parts. 
 
ROS following isoflurane anaesthesia 
 
Isoflurane anaesthesia significantly increased the formation of 3, 4-HB as compared to 
ketamine-xylazine anaesthesia, indicating an increased production of •OH. Isoflurane is 
considered to be mainly metabolized by CYP2E1 in both human and rat (Bradshaw and 
Ivanetich, 1984; Kharasch et al., 1999; Kharasch and Thummel, 1993) and metabolites of 
the compound have been measured in the urine and plasma, four days after 
administration, with the highest concentration after 2-3 days (Kharasch et al., 1999). One 
interpretation is that isoflurane anaesthesia induced the increase of ROS by CYP2E1 
metabolism of the anaesthetic in the substantia nigra, as CYP2E1 is known to produce 
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free radical species during its catalytical cycle by means of an uncoupled reaction 
(Karuzina and Archakov, 1994a, b; Ronis et al., 1996; Staudt et al., 1974). 
 
The interpretation of the finding is, however, complicated by other reported effects of 
isoflurane related to ROS production but not necessarily to CYP2E1. The anaesthetic has 
been reported to induce DNA damage and lipid peroxidation directly after 
administration, reinforced by simultaneous ethanol administration, indicative of oxidative 
stress, in brain tissue but also in other organs (Kim et al., 2006). However, an in vitro 
study on primary cortical neurons failed to show any ROS production as measured 
immediately after isoflurane discontinuation (Wang et al., 2008). Isoflurane has also been 
suggested to abruptly increase ROS production in the heart by stimulating the superoxide 
anion production in mitochondria (Tanaka et al., 2002).  In addition, liver metabolites of 
isoflurane have been claimed to be reactive halides capable of triflouroacetylating 
proteins (Kharasch et al., 1999). Thus, a toxic effect in the CNS of such metabolites is 
theoretically possible. Finally, isoflurane has been shown to increase extracellular DA in 
the striatum (Adachi et al., 2005; Adachi et al., 2008), suggested to be caused by 
increased firing rate of dopaminergic neurones, in turn due to an interaction of the drug 
with A-type and delayed rectifier K channels (Ishiwa et al., 2008). However, the DA 
concentration returned to baseline 1 – 2 h after isoflurane administration making it less 
likely that the effect observed in the present study is caused by extracellular DA release. 
Furthermore, the effect of isoflurane on nigral DA has not been investigated. 
 
Another possibility is that the ROS production measured after isoflurane anaesthesia is 
the normal production in brain tissue following probe implantation and that 
ketamine/xylazine inhibits the production or binds to ROS. Ketamine and its metabolites 
have been detected in monkeys long after its administration (Negrusz et al., 2005). 
Ketamine is an antagonist of NMDA glutamate receptors and ought to diminish 
glutamate toxicity which theoretically could be of relevance in the vicinity of an 
implanted probe. This drug has also been implicated to be involved in the formation of 
carbon-centered radicals by means of scavenging •OH (Reinke et al., 1998), but this 
effect is weak and no long lasting ability of this drug regarding ROS production has been 
reported.  The effect of ketamine on ROS in brain has to our knowledge, never been 
measured; although an investigation on ROS production in human leukocytes failed to 
show any effect of the drug (Nishina et al., 1998). However, some antioxidant effect in 
direct connection to ketamine administration has been reported in another study (Kang et 
al., 1998).  
 
Considering the findings in the present study and in view of the theories involved in 
initiation and progression of PD (see above) together with the occurrence of CYP2E1 in 
the substantia nigra, it is alluring to propose that an increase in production of ROS due to 
CYP2E1 activity could be one underlying factor in this disease.  
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Genetic studies 
 
CYP2E1 gene  polymorphisms 
 
The results obtained in Paper III, following the comparative analysis of CYP2E1 gene 
polymorphism in PD patients and controls indicated a possible association between a 
C/G polymorphism at intron 7 and the disease, showing an increased frequency of the C 
allele in PD patients. This association was more robust when comparing only PD patients 
without PD relatives to controls. The latter finding was surprising because intuitively, 
presence of PD relatives would indicate a more significant genetic influence on the 
pathophysiology than in PD patients without known relatives, although presence of PD 
relatives could instead indicate exposure to similar environmental risk factors for PD. It 
is possible that the result in the present study points to a gene-environment interaction. It 
would have been interesting to compare polymorphism frequencies between a PD 
population and a control population exposed to similar environmental factors known to 
increase the risk for PD. However, because environmental risk factors for sporadic PD 
are mainly unknown such a comparison is presently impossible. 
 
An earlier study investigating the functional role of this and two other polymorphisms of 
the CYP2E1 gene for chlorzoxazone hydroxylation capacity in human liver cells 
demonstrated high inter-individual diversity in enzyme activity (Carriere et al., 1996), 
but no correlation to the polymorphic forms. This finding weakens the possibility of this 
SNP to be directly related to catalytic capacity. Also, being an intronic SNP, the 
likelihood of an influence on catalytic capacity or substrate specificity is rather small.   
 
However, variations in intronic SNPs could have other effects such as influencing 
splicing or regulatory processes by affecting the binding of transcriptions factors to the 
gene. By influencing the regulatory process of the gene, these SNPs could in combination 
with exogenous influences affect the enzyme’s production of ROS or its capability to 
detoxify potential neurotoxins.  
 
As a tSNP, this polymorphism is representative of many other variants which could be 
regulatory in the function of the enzyme. Also, the investigated SNP may be in linkage 
disequilibrium with functional variants. In a recent investigation (Singh et al., 2008), 
examining the CYP2E1*5B (Rsa I), CYP2E1*6 (Dra I) and CYP2D6*4 (1934G/A) 
polymorphism, an increased risk of association to PD through the gene-gene interaction 
of CYP2D6*4 and CYP2E1*5 was proposed. The statistic power in the mentioned study 
was however weak due to very few number of patients exhibiting this association. 
Nevertheless, the theory of linkage of SNPs, either within or in diverse genes, as a 
probable risk factor in developing PD is not far fetched. Additional analysis including 
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other aspects such as familial genetics, smoking and dietary habits is required in order to 
determine the exact role of polymorphisms of CYP2E1 in relation to PD. 
 
Spliced variants in human brain 
 
Investigations conducted in Paper IV on the expression of CYP2E1 showed that the 
enzyme is present in putamen and caudate nucleus of five individuals, exhibiting two 
alternative spliced forms. The isoform displaying 1068 bp, denoted GenBank mRNA 
sequence AJ853939, has previously only been observed in human lung cancer cell lines, 
hepatocyte cell lines and blood leukocytes (Bauer et al., 2005). Different spliced forms of 
enzymes belonging to other CYP450 enzyme subfamilies (e.g. CYP2D) have been 
identified in various tissues including the brain (Turman et al., 2006), therefore the 
presence of alternatively spliced forms of CYP2E1 in this organ is not implausible. 
Knowing the importance of alternative spliced variant of mRNAs, which extensively 
contribute to the excistence of modified protein products (Modrek and Lee, 2002), 
diverse spliced forms of CYP2E1 could indicate differential activity, substrate affinity or 
ROS generating capability for these isoforms, affecting the metabolism of both endo- and 
exogenous substances and possibly their ability to induce oxidative stress. We 
demonstrate that CYP2E1 exhibits both intra- and inter-brain nuclei transcriptional 
variations in humans. Such discrepancies could signify a basis of susceptibility to PD and 
clarifying the functional difference of the alternatively spliced forms of this enzyme 
would be of interest. It is noteworthy to mention that the predicted protein quality for the 
spliced form AJ853939 is recorded as “very good” according to AceView, whereas in the 
study performed by Bauer (Bauer et al, 2005), this transcript is characterised as truncated 
and not functional. Further studies are necessary for revealing the presence of CYP2E1 
isoforms and their functional importance in other parts of the brain that are of 
pathophysiological importance for PD, e.g. substantia nigra. 
 

Conclusions, reflections and future research 
 
CYP450 enzymes are the main proteins responsible for the metabolism of xenobiotics 
and many hydrophobic compounds in the brain may be transformed to hydrophilic 
metabolites by these enzymes, either detoxified to less harmful compounds or bio-
activated to toxic metabolites. Some of these enzymes, inter alia CYP2E1, have also been 
associated with production of ROS. The relatively low capacity of the defence against 
ROS in the brain in combination with its highly unsaturated lipid content makes the CNS 
vulnerable for oxidative stress. Furthermore, regeneration and repair of damaged tissue in 
the brain is limited. In the present investigations, we have studied CYP2E1 based on a 
possible connection to dopaminergic neurotransmission and PD pathophysiology.  
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The occurrence of CYP2E1 in the brain and induction of the enzyme by different 
substances are indications of a physiological role. The enzyme is localised in diverse 
parts and cell populations and could due to its broad substrate specificity have different 
functions in different brain parts. Even thought the concentration of CYP2E1 in the brain 
is much lower than in the liver, the enzyme could be important for detoxification and 
metabolism of endo- and exogenous substances in specific regions of the CNS.  
 
Our results indicate that CYP2E1, directly or indirectly, influences DA 
neurotransmission in the substantia nigra, via affecting DA metabolism or release, and 
that it may produce ROS. We are well aware that the association of some of the findings 
obtained in the present animal studies to CYP2E1 is indirect and founded on the effects 
of drugs that also have other effects than influencing or being metabolised by CYP2E1. 
Therefore the interpretations must be drawn with caution. The scope of the present 
studies was to highlight the possible involvement of CYP2E1 in physiological and 
pathophysiological processes in the substantia nigra and stimulate further studies 
utilizing other techniques. More conclusive studies are required to strengthen the results 
obtained in the present thesis. The lack of specific pharmacolocical tools is, however, a 
drawback for in vivo research on CYP2E1. Utilizing, CYP2E1 knock-out mice as 
controls in future experiments would be of great value, although performing 
microdialysis study measuring DA or ROS in the substantia nigra of these animals would 
be a difficult task. Other approaches would be to utilise several different compounds 
known to interfere with CYP2E1; drugs with different molecular structures and therefore 
less probable to affect unwanted pharmacological targets. A microdialysis study, 
measuring the release of DA following induction of CYP2E1 would also be a suitable 
complementary investigation for better revealing this enzyme’s influence on DA release. 
In addition, analysis of ROS production under the effect of inhibition or induction of 
CYP2E1 is necessary in order to obtain a more definite conclusion as to the role of this 
enzyme in oxidative stress.  
 
In addition, our examinations point to a possible association of a polymorphic form of 
CYP2E1 and PD. Observations have also been made regarding tissue specific spliced 
variants of this enzyme in brain regions of interest for PD. Considering the existing 
presumptions on the pathophysiology of PD, it is noteworthy to point out that altered 
characteristics of this enzyme caused either by gene polymorphism, alternative splicing 
or substrate-caused alternations in its activity, can be susceptibility factors for this 
disease, reflecting gene-environmental interactions. For example, it is well established 
that smoking is negatively associated with PD, and several substances in cigarette smoke 
interact with CYP2E1, such as nicotine and carbon monoxide. An improved case-control 
founded trial considering also environmental history and parental genotypes are required 
to shed more light upon gene-environmental interactions regarding CYP2E1. 
Performance of such a trial is not without complexity as a common ecological cause of 
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this disease is not known and parental genotypes are often not available due to late onset 
and hence diagnosis of this disease. Nevertheless, CYP2E1 related factors such as 
alcohol, nicotine, dietary and xenobiotic intake habits can be categorized and included in 
a study to better evaluate the relevance of this enzyme in the development of PD.  
 
In summary, we have developed a new method for studying the metabolism of 
catacholamines. The results also support the notion of a physiological role for CYP2E1 
in the CNS, although at present it is premature to construct a model for its participation 
in dopaminergic neurotransmission and PD pathophysiology. 
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