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Abstract 
No obvious explanations exist for the development of abnormal involuntary movements (AIM), but 

several hypotheses have been proposed for tardive dyskinesia (TD) development. Since TD seems 

to have a genetic basis, several genetic variants have been investigated in TD development in 

various populations. Few studies have focused on African populations. This study focused on 

genetic variants (previously investigated in other populations) and the development and severity of 

AIM and TD in a Xhosa schizophrenia population. Genotype and allele frequencies determined 

were compared to those described in the literature for other populations. Following a report of an 

association between Ala-9Val and schizophrenia in a Turkish population, this study subsequently 

investigated this association in the Xhosa  population.   

 

MnSOD Ala-9Val was genotyped using HEX-SSCP analysis and the DRD3 Ser9Gly variant was 

genotyped using restriction enzyme digestion by MscI. Genotyping was followed by statistical 

comparisons of the various groups, as well as association analyses between the variant and 

schizophrenia (only for MnSOD), AIM, or TD development and severity. The groups included a 

Xhosa schizophrenia group, a subgroup of the Xhosa schizophrenia group that had AIM (AIM+) 

and did not have AIM (AIM-), a subgroup of the AIM+ group that had TD (TD+), and a healthy 

Xhosa control group. A possible interaction between Ala-9Val and Ser9Gly in the development of 

AIM and TD was also investigated. Lastly, it was attempted to genotype CYP2D6*4, CYP2D6*10 

and CYP2D6*17 using various PCR methods followed by restriction enzyme analysis.  

 

MnSOD Ala-9Val genotype and allele frequencies were similar to those of the Turkish population, 

but differed to those of the Asian populations. No association between Ala-9Val and the 

development and severity of schizophrenia was found. However, a relationship between genotype 

and AIM or TD development was observed, as well as an association between TD severity and Ala-

9Val genotype. DRD3 Ser9Gly genotype and allele frequencies were similar to those of the African 

American population, but differed from other populations. No significant association between 

Ser9Gly and the development and severity of AIM or TD was detected, nor was an interactive 

effect between Ala-9Val and Ser9Gly in AIM or TD development observed. The genotyping of 

CYP2D6 proved difficult and these variants could therefore not be analysed. The CYP2D6*4 

genotype and allele frequencies that could be determined from some samples, were similar to the 

frequencies described previously for African populations. 

 

While we did not find an association between Ser9Gly in TD or AIM development and severity, nor 

an interaction between Ala-9Val and Ser9Gly, we did observe a relationship between Ala-9Val and 



 

 

AIM or TD development and TD severity. The effect of this variant is probably small and other 

variants, specifically those in genes involved in free radical removal should be investigated in 

combination with Ala-9Val. With regard to CYP2D6 it is suggested that high-throughput 

genotyping methods (e.g. microarray technology) should be used in the future. This will enable 

simultaneous genotyping of several variants and can be used in various populations.  

 

This study is the first of its kind by focusing on the unique South African Xhosa population and TD 

or AIM development.  

 



 

 

Opsomming 
Daar bestaan geen klaarblyklike verklarings vir die ontwikkeling van abnormale nie-vrywillige 

bewegings (ANB) nie, maar wel ‘n paar hipoteses vir die ontwikkeling van tardiewe diskinesie 

(TD). Aangesien TD ‘n genetiese basis het, is verskeie genetiese variante ondersoek in die 

ontwikkeling van die siekte in verskillende populasies. Min studies het egter van populasies uit 

Afrika gebruik gemaak. Hierdie studie het gefokus op verskeie genetiese variante (alreeds bestudeer 

in ander populasies) en die ontwikkeling en graad van ANB asook TD in ‘n Xhosa skisofrenie 

populasie. Genotipe en alleel frekwensies is bepaal en vergelyk met die gedokumenteerde data vir 

ander populasies. Na aanleiding van ‘n verslag van ‘n assossiasie tussen Ala-9Val en skisofrenie in 

‘n Turkse populasie, het ons studie hierdie assosiasie in die Xhosa populasie ondersoek. 

 

MnSOD Ala-9Val is gegenotipeer met behulp van HEX-SSCP analise en die DRD3 Ser9Gly variant 

is gegenotipeer met die hulp van MscI restriksie-ensiem vertering. Na genotipering is statistiese 

vergelykings vir die verskillende groepe, asook assosiasie analises tussen die variant en skisofrenie 

(slegs vir MnSOD), ANB, of TD ontwikkeling en ernstigheidsgraad gedoen. Die groepe het ‘n 

Xhosa skisofrenie groep, ‘n subgroep met ANB (AIM+) en daarsonder (AIM-), ‘n subgroep van die 

AIM+ groep wat TD (TD+) gehad het, en ‘n gesonde Xhosa kontrole groep ingesluit. ‘n Moontlike 

interaksie tussen Ala-9Val en Ser9Gly in die ontwikkeling van ANB en TD is ook ondersoek. 

Laastens is ‘n poging aangewend om CYP2D6*4, CYP2D6*10 en CYP2D6*17 te genotipeer deur 

verskeie PKR metodes, gevolg deur restriksie-ensiem vertering. 

 

MnSOD Ala-9Val genotipe en alleel frekwensies het ooreengestem met dié van die Turkse 

populasie, maar het verskil van dié van Asiatiese populasies. Geen assosiasie tussen Ala-9Val en 

skisofrenie ontwikkeling en ernstigheidsgraad is gevind nie. ‘n Verband tussen genotipe en ANB of 

TD ontwikkeling is egter waargeneem. Verder is ‘n assosiasie tussen die graad van TD en Ala-9Val 

genotipe opgemerk. DRD3 Ser9Gly genotipe en alleel frekwensies het ooreengestem met dié van 

die Afro-Amerikaanse populasie, maar het verskil van ander populasies. Geen betekenisvolle 

assosiasie tussen Ser9Gly en die ontwikkeling en graad van ANB of TD, nog ‘n interaksie tussen 

Ala-9Val en Ser9Gly in die ontwikkeling van ANB of TD is waargeneem nie.  Die genotipering van 

CYP2D6 was problematies en hierdie variante kon dus nie geanaliseer word nie. Die CYP2D6*4 

genotipe en alleel frekwensies, wat wel vir sommige monsters bepaal kon word, het ooreengestem 

met die frekwensies wat in die literatuur vir ander populasies uit Afrika beskryf is. 

 

Terwyl ons nie ‘n assosiasie tussen Ser9Gly en TD of ANB ontwikkeling en graad, of ‘n interaksie 

tussen Ala-9Val en Ser9Gly kon vind nie, het ons tog ‘n verband tussen Ala-9Val en ANB of TD 



 

 

ontwikkeling, en TD ernstigheidsgraad waargeneem. Die effek van hierdie variant is waarskynlik 

klein en ander variante, spesifiek die in gene wat betrokke is in vrye radikaal verwydering, moet 

verder saam met Ala-9Val ondersoek word. Die gebruik van toekomstige hoë-deurvloei 

genotipering metodes (bv. “microarray” gebaseerde tegnologie) vir CYP2D6 analises word 

aanbeveel. Dit sal die gelyktydige genotipering van verskeie variante moontlik maak en kan ook in 

verskillende populasies gebruik word. 

 

Hierdie studie is die eerste van sy soort deurdat dit op die unieke Suid Afrikaanse Xhosa populasie 

en TD of ANB ontwikkeling fokus. 
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1

Chapter One 

 

Literature review 

 
1.1 Pharmacogenetics 
The general consensus is that medication is effective in treating diseases. Yet, the efficacy of a drug 

can lie between 25-80% (Spear et al., 2001). In addition, about 6.7% of hospitalised patients 

develop serious adverse drug reactions (ADRs) in the United States, while in close to 0.32% these 

ADRs are fatal (Lazarou et al., 1998). Clearly this poses a challenge to the medical field and a 

considerable effort has been made to attempt to elucidate the mechanisms of drug response 

(efficacy of drug therapy or development of adverse drug effects). Drug response differs between 

patients (Basile et al., 2002; Caraco, 2004; Malhotra et al., 2004) as well as populations (Kalow and 

Bertilsson, 1994; Xie et al., 2001), and there seems to be a genetic component to drug response 

(Spear et al., 2001). Hence research has focused on identifying genes and genetic variants 

determining drug response. This field of study is called pharmacogenetics (Roses 2000; 

Lindpaintner, 2003) and focuses on individualising therapy (Basile et al., 2002). 

Pharmacogenomics (often used interchangeably with pharmacogenetics), on the other hand, 

involves the study of the effects different compounds have on gene expression in the entire genome 

(Lindpaintner, 2003). It is thought that pharmacogenetics will change the practice and economics of 

medicine, by being able to set up a risk profile for a patient regarding unresponsiveness to 

medication or development of side effects. In addition, pharmacogenetics can be applied in the 

pharmaceutical industry, in target and patient group selection (Roses 2000).  

 

Pharmacogenetic studies normally involve the identification of a genetic variant in a specific gene. 

Candidate genes chosen often code for certain types of proteins, either for drug metabolising 

enzymes or for proteins the drug interacts with (such as transporters or receptors), (McKinnon and 

Evans, 2000; Weber, 2001; Bolonna et al., 2004; Wilffert et al., 2005). Sometimes, variants located 

in genes not coding for the mentioned type of proteins (such as gene involved in disease self), may 

indirectly affect drug response and therefore also qualify as a candidate (McKinnon and Evans, 

2000; Müller et al., 2004). Hence genetic variants in certain genes may affect drug absorption, 

distribution and metabolism (pharmacokinetics), or the response of the target molecule or a member 

of its pathway to the medication (e.g. how well the drug binds to its receptor or pharmacodynamics) 

(Lindpaintner, 2003). The candidate gene selection process is followed by the comparison of gene 
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polymorphism frequencies between patients responding or not responding to drugs [efficacy (Spear 

et al., 2001)], or between subjects suffering from and those not suffering from side effects [safety 

(Spear et al., 2001)] (Basile et al., 2002; Bolonna et al., 2004). Significant differences between 

groups may indicate a role for that polymorphism in drug action or in the development of side 

effects (Kawanishi et al., 2000; Basile et al., 2002). Ethnic differences between populations exist 

regarding treatment response, rate of drug-induced side effects, as well as frequency of certain 

polymorphisms in the genes relevant to pharmacogenetics (Weber, 2001; Xie et al., 2001; Daar and 

Singer, 2005; Shastry, 2006). This means that research needs to focus not just on interindividual 

genetic variation but on population genetic differences, if the quest for individualised therapy is to 

be successful (Weber, 2001; Daar and Singer, 2005; Shastry, 2006). Generally it seems that a 

combination of several genetic variants are involved in drug response (Kawanishi et al., 2000; 

Bolonna et al., 2004; Caraco, 2004; Müller et al., 2004). It is, however, important to note that other 

factors (e.g. disease determinants, age, sex, organ function, ethnicity, and drug interactions) may 

also play a role in drug response (Johnson and Evans, 2002; Wilkinson, 2005; Shastry, 2006).  

 

In psychiatry, pharmacogenetics has also become important. Medication prescribed often causes 

certain side effects and a trial and error approach is used to determine the best type and dosage of 

medication for the patient (Basile et al., 2002; Abidi and Bhaskara, 2003; Malhotra et al., 2004). 

Hence any information gained by pharmacogenetics may aid in predicting a patients drug response 

and therefore optimise the process of drug and dosage prescription (Basile et al., 2002; Shastry, 

2006). It has also been suggested to genotype phase II drug trial participants, so that phase III 

studies will only consist of participants with the genotype that is more likely to result in the desired 

response (Roses, 2000, 2004), and indeed this is beginning to be applied in the pharmaceutical 

industry (Roses, 2004). In the future it may be possible to test patients for genetic variants in several 

genes in the clinical setting, once genotyping methods have become more widely known, gained in 

accuracy and significance, and become more user friendly and less expensive (Johnson and Evans, 

2002). In psychiatry candidate genes for pharmacogenetic studies include the drug metabolising 

enzymes (Cytochrome P450s) and the neurotransmitter receptors (e.g. dopamine receptors) 

(Bolonna et al., 2004; Wilffert et al., 2005). However, other genes such as those involved in free 

radical metabolism have also been investigated (Akyol et al., 2005; Shinkai et al., 2006). While we 

are still not able to perform a genetic test and determine the drug response profile of an individual, 

progress has been made and several variants have been associated with the development of certain 

side effects (Johnson and Evans, 2002). For example, Lee et al. (2004) found the presence of the T 

allele of the C825T polymorphism in the G-protein β3 subunit gene to result in severe 

symptomatology and better antidepressant treatment response. 
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The importance of a multigenic approach in the application of pharmacogenetics is eloquently 

demonstrated by clozapine response. A combination of 6 polymorphisms (neurotransmitter-receptor 

related) was able to give a 76-77% level of prediction for clozapine response in schizophrenia 

patients (Arranz et al., 2000). 

 

1.2 Schizophrenia 

1.2.1 Definition 

Schizophrenia (OMIM number: #181500) is a psychiatric disorder affecting about 0.5-1% of the 

population (APA, 1994). The incidence rate of this disorder is estimated at 1 per 10 000 per year 

(APA, 1994). Schizophrenia affects several areas of functioning such as interpersonal relations, 

work, education and self-care (APA, 1994; Mueser and McGurk, 2004). The onset of schizophrenia 

generally occurs during late adolescence or early adulthood, however, mild social, motor and 

cognitive problems may be observed during childhood (Sivagnansundaram et al., 2003).  

 

1.2.2 Symptoms and course 

Symptoms of schizophrenia can be divided into negative and positive symptoms (APA, 1994). 

Negative symptoms are characterised by decreased fluency and productivity of thought and speech 

(alogia), the reduction of range and intensity of emotional expression (affective blunting), a 

decrease in initiation of goal-directed behaviour (avolition) and a loss of feeling pleasure 

(anhedonia) (APA, 1994; Kawanishi et al., 2000; Basile et al., 2002; Austin, 2005). Positive 

symptoms can be divided into psychotic and disorganised symptoms (Basile et al., 2002). The 

psychotic category is represented by distortions and exaggerations of inferential thinking 

(delusions) and perception (hallucinations) (APA, 1994; Basile et al., 2002; Austin, 2005), while 

the disorganised category is characterised by distortions in language and communication 

(disorganised speech) and behavioural monitoring (grossly disorganised or catatonic behaviour) 

(APA, 1994; Basile et al., 2002). The course of schizophrenia is variable with some patients 

remaining chronically ill (either stable course, or progressive worsening of symptoms), while others 

show symptom exacerbations and remissions (APA, 1994). Cognitive impairment, experienced as 

difficulties in attention and concentration, learning and memory and executive functions, is also 

observed in schizophrenia (Mueser and McGurk, 2004). 
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1.2.3 Diagnosis 

Guidelines for diagnosing schizophrenia is set out in the International Classification of Diseases 

version 10 (ICD 10) and the Diagnostic and Statistical Manual for mental disorders version 4 (DSM 

IV) (APA, 1994; Mueser and McGurk, 2004; Austin, 2005). The DSM IV criteria for the diagnosis 

of schizophrenia are shown in Table 1. 

 

1.2.4 Changes in the brain 

Brain abnormalities in schizophrenic patients have been reported, although replication of these 

results has often not been successful (reviewed in Harrison and Weinberger, 2005). Changes 

observed are generally only small (Sivagnansundaram et al., 2003; Harrison and Weinberger, 

2005). These include enlargement of the lateral and third ventricles, absence of gliosis, decreased 

size of certain brain regions, changes in brain blood flow in the subcortical regions, anterior 

cingulate and the limbic cortex, aberrantly located or clustered neurons (specifically in the 

entorhinal cortex and the neocortical white matter), smaller pyramidal neuron cell bodies in the 

hippocampus and neocortex, reduction in interneural density and synaptic projections, decrease in 

the number of certain neurons (e.g. hippocampal neurons), and lower levels of several presynaptic 

markers of certain neurons (Harrison, 1999; Harrison and Weinberger, 2005). In addition, 

morphological, biochemical and molecular evidence has been put forward for the involvement of 

the mitochondria and metabolism in schizophrenia (Harrison and Weinberger, 2005). Synaptic 

connectivity (specifically in certain types of connections) seems to be affected in schizophrenia; this 

only seems to be partly morphological and may for the other part be influenced by more molecular 

mechanisms (Harrison and Weinberger, 2005). Even though there seem to be some changes in the 

brain in schizophrenia patients, the exact pathophysiology of this disorder still remains unknown. 

However, several hypotheses exist. 

 

1.2.5 Different hypotheses 

1.2.5.1 Dopamine hypothesis 

Several hypotheses on the pathophysiology of schizophrenia have been proposed and researched 

(Sivagnansundaram et al., 2003). Of these, the dopamine hypothesis is the oldest and most widely 

investigated one (Langer et al., 1981; Sivagnansundaram et al., 2003). This hypothesis states that 

schizophrenia may result through an excess of dopamine mediated neuronal activity, potentially  
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Table 1: DSMIV diagnostic criteria for schizophrenia (APA, 1994). 

 

 
 

 

Diagnostic criteria for Schizophrenia 
A. Characteristic symptoms: Two (or more) of the following, each present for a significant portion of time 

during a 1-month period (or less if successfully treated): 
(1) delusions 
(2) hallucinations 
(3) disorganized speech (e.g., frequent derailment or incoherence) 
(4) grossly disorganized or catatonic behavior 
(5) negative symptoms, i.e., affective flattening, alogia, or avolition 
 
Note: Only one Criterion A symptom is required if delusions are bizarre or hallucinations consist of a 
voice keeping up a running commentary on the person’s behavior or thoughts, or two or more voices 
conversing with each other. 
 

B. Social/occupational dysfunction: For a significant portion of the time since the onset of the disturbance, 
one or more major areas of functioning such as work, interpersonal relations, or self-care are markedly 
below the level achieved prior to the onset (or when the onset is in childhood or adolescence, failure to 
achieve expected level of interpersonal, academic, or occupational achievement). 

 
C. Duration: Continuous signs of the disturbance persist for at least 6 months. This 6-month period must 

include at least 1 month of symptoms (or less if successfully treated) that meet Criterion A (i.e., active-
phase symptoms) and may include periods of prodromal or residual symptoms. During these prodromal or 
residual periods, the signs of the disturbance may be manifested by only negative symptoms or two or more 
symptoms listed in Criterion A present in an attenuated form (e.g., odd beliefs, unusual perceptual 
experiences). 

 

D. Schizoaffective and mood disorder exclusion: Schizoaffective disorder and mood disorder with psychotic 
features have been ruled out because either (1) no major depressive, manic, or mixed episodes have 
occurred concurrently with the active-phase symptoms; or (2) if mood episodes have occurred during 
active-phase symptoms, their total duration has been brief relative to the duration of the active and residual 
periods. 

E. Substance/general medical condition exclusion: The disturbance is not due to the direct physiological 
effects of a substance (e.g., a drug of abuse, a medication) or a general medical condition. 

F. Relationship to a pervasive developmental disorder: If there is a history of autistic disorder or another 
pervasive developmental disorder, the additional diagnosis of schizophrenia is made only if prominent 
delusions or hallucinations are also present for at least a month (or less if successfully treated).  

 
Classification of longitudinal course (can be applied only after at least 1 year has elapsed since the initial onset 
of active-phase symptoms): 

Episodic With Interepisode Residual Symptoms (episodes are defined by the reemergence of prominent 
psychotic symptoms); also specify if: 
With Prominent Negative Symptoms 

Episodic With No Interepisode Residual Symptoms 
Continuous (prominent psychotic symptoms are present throughout the period of observation); also 

specify if: With Prominent Negative Symptoms 
Single Episode In Partial Remission; also specify if: With Prominent Negative Symptoms 
Single Episode In Full Remission 
Other or Unspecified Pattern 
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through dopamine receptor supersensitivity (Langer et al., 1981). It is based on the antagonistic 

action of antipsychotic medication at the D2 receptors, as well as the psychotogenic properties of 

drugs that increase dopamine activity (Sivagnansundaram et al., 2003). Some evidence for this 

hypothesis has come from single photon emission computed tomography (SPECT) measurements 

of baseline D2 receptor availability, and D2 receptor availability during acute dopamine depletion. 

Comparison between the baseline and dopamine depletion values showed an increase in D2 

receptor stimulation in schizophrenic patients compared to controls (Abi-Dargham et al., 2000). 

However, this hypothesis cannot account for the late onset of the disease. Furthermore, research has 

as yet not been able to associate schizophrenia development with any of the dopamine receptors 

(except DRD3 (Jönsson et al., 2003; Crocq et al., 1992)) or any components in dopamine effect-

mediating pathways. Hence this hypothesis cannot be singly responsible for the development of 

schizophrenia (Sivagnansundaram et al., 2003). 

 

1.2.5.2 Free radical hypothesis 

It has also been suggested that free radical damage, as a result of ineffective antioxidant defence or 

increased free radical production, may cause (reviewed in Yao et al., 2001) or at least worsen the 

course of schizophrenia (Mahadik et al., 2001; Arvindakshan et al., 2003a). Sources of free radicals 

or reactive oxygen species (ROS) include autooxidation, electron leakage in the mitochondrial 

respiratory chain reaction (Fridovich, 1983; Halliwell, 1997) and phagocytes as defence (Curnutte 

and Babior, 1987; Halliwell, 1997). They can also be produced in the presence of certain toxicants 

(Davies, 2000). If left unchecked reactive oxygen species (ROS) can interact with lipids, proteins 

and nucleic acids, which may ultimately lead to cell death (Halliwell, 1991; Mahadik and 

Mukherjee, 1996). An antioxidant defence system exists to scavenge these harmful free radicals, 

namely enzymes such as superoxide dismutase (SOD), glutathione peroxidase (GSHPx) and 

catalase (CAT), as well as several antioxidant compounds such as α-tocopherol (vitamin E) and 

ascorbic acid (vitamin C). Dietary or genetic factors affecting the antioxidant defence system may 

therefore result in an excess of free radicals and hence damage to the cells. Neurons are considered 

to be very susceptible to free radical damage, due to their high polyunsaturated fatty acid contents 

(reacts with free radicals), high oxygen consumption (contributes to free radical production), as well 

as low levels of antioxidant enzymes in the brain. In addition, due to the neuronal inability of DNA 

replication, no DNA repair occurs and may therefore compromise neural cells. The presence of iron 

in certain areas of the brain may also predispose the brain to free radical damage (Mahadik et al., 

2001; Rao and Balachandran, 2002). Free radical damage in the brain may eventually lead to 
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neurodegeneration, abnormal neurodevelopment, as well as membrane impairment of the neurons 

(Mahadik et al., 2001). 

 

Evidence that supports the free radical hypothesis in schizophrenia is, for example, the finding of 

decreased levels of plasma antioxidants (albumin, bilirubin, uric acid, ascorbic acid) (Yao et al., 

1998b; Yao et al., 2000; Reddy et al., 2003; Dakhale et al., 2004; Pae et al., 2004), and aberrant 

plasma or central nervous system antioxidant enzyme (superoxide dismutase (SOD), glutathione 

peroxidase (GSHPx), catalase (CAT)) levels and activity (Ravikumar et al., 2000; Kuloglu et al., 

2002; Ranjekar et al., 2003; Michel et al., 2004). Findings, however, have been ambiguous 

(Abdalla et al., 1986; Yao et al., 1999). Other evidence for the free radical hypothesis is the higher 

level of lipid peroxidation products (Mahadik et al., 1998; Akyol et al., 2002; Dakhale et al., 2004), 

and lower levels of membrane phospholipid polyunsaturated fatty acids (target for free radicals) 

(Khan et al., 2002; Arvindakshan et al., 2003a). Schizophrenic patients also showed improvement 

in outcome after supplementing their diet with antioxidants such as vitamins E and C, as well as 

omega-3 fatty acids (Arvindakshan et al., 2003b) in schizophrenic patients compared to controls. 

While some neuroleptics have pro-oxidant qualities (Parikh et al., 2003; Polydoro et al., 2004) and 

may therefore confound findings of increased oxidative damage in schizophrenic patients, studies 

on drug-naïve patients have also shown aberrant levels of antioxidant enzymes (Mukherjee et al., 

1996), lipid peroxidation products (Mahadik et al., 1998) as well as antioxidant compounds 

(Dakhale et al., 2004; Pae et al., 2004). In addition to the above evidence, schizophrenic patients are 

also known to have an unhealthy lifestyle with a high fat diet, little exercise and a high percentage 

of patients smoking, which may also exacerbate oxidative stress (Hughes et al., 1986; Brown et al., 

1999). It must be noted, however, that free radical damage is not thought to be the primary event 

causing schizophrenia, but rather affect deterioration and poor outcome of the disorder (Mahadik et 

al., 2001; Arvindakshan et al., 2003a). An example of this would be the positive correlation of free 

radical excess or low total antioxidant status with negative symptoms in schizophrenic patients 

(Yao et al., 1998a; Sirota et al., 2003). 

 

1.2.5.3 Neurodevelopmental hypothesis 

The neurodevelopmental hypothesis has also been proposed as a model to explain schizophrenia 

development. It suggests that due to genetic and/or environmental factors abnormalities in 

neurodevelopmental processes may occur, which then ultimately result in clinical symptoms of 

schizophrenia (Mueser and McGurk, 2004; Rapoport et al., 2005). Some minor signs of 

abnormality may already be visible early on, before the development of signs of the disease. This 
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hypothesis has become very popular, since it is able to account for several factors important in the 

pathogenesis of schizophrenia, such as age of onset, brain abnormalities, the pre- and perinatal risk 

factors, and the cognitive defects that stay static (Sivagnansundaram et al., 2003; Rapoport et al., 

2005).  

 

1.2.5.4 Glutamate hypothesis 

A dysfunction in the glutamate system has also been suggested to play a role in the pathophysiology 

of schizophrenia (Moghaddam, 2003; Sivagnansundaram et al., 2003). This is supported by the 

finding that some genes that have been linked to schizophrenia are related to the glutamate system 

(Collier and Li, 2003), as well as other evidence from post-mortem brain studies and the psychosis-

inducing drug phencyclidine (PCP), which was found to be an antagonist of glutamate receptors 

(Moghaddam, 2003). 

 

1.2.6 Risk factors 

While the exact pathophysiology of schizophrenia is unknown, several risk factors have been 

identified in the development of schizophrenia. Family history of the disorder and social class have 

been strongly associated with schizophrenia development. Two theories may explain the association 

with social class, namely that an unfavourable environment may lead to schizophrenia development, 

or social drift (Bromet and Fennig, 1999). Age, gender, rheumatoid arthritis, season of birth, as well 

as obstetric, birth and early childhood complications are considered potentially strong risk factors 

for the development of schizophrenia (Bromet and Fennig, 1999; Mueser and McGurk, 2004). 

Other possible risk factors include substance abuse, stress, and geographic location (Bromet and 

Fennig, 1999). Since family history is considered a strong risk factor in the development of 

schizophrenia, a genetic component to this disorder is to be expected. 

 

1.2.7 Genetics and schizophrenia 

Family, twin and adoption studies indicate that schizophrenia has a strong genetic component, 

however, other factors, such as epigenetic (Abdolmaleky et al., 2005; Sullivan, 2005), 

developmental and environmental factors (Kawanishi et al., 2000; Sullivan et al., 2003; Mueser and 

McGurk, 2004), may interact in a complex manner with genetic factors in the development of the 

disorder. Genetic analyses further suggest that schizophrenia may result through the epistatic or 

multiplicative interaction of several loci (Mueser and McGurk, 2004; Austin 2005). Some studies 

have been able to show genetic linkage with schizophrenia to a certain genomic region, but results 



 

 

9

could often not be replicated (Harrison and Weinberger, 2005). At the moment, regions with the 

most evidence for genetic linkage with schizophrenia are situated on chromosome: 1q21-q22, 1q32-

q42, 5q21-q34, 6p24-p21, 6q13-26, 8p22-21, 10p11-15, 13q14-32, 15q14 and 22q11-q13 

(Sivagnansundaram et al., 2003). Two meta-analyses found 8p, 13q and 22q (Badner and Gershon, 

2002) and 1q, 3p, 5q, 6p, 8p, 11q, 14p, 20q, and 22q (Lewis et al., 2003) to be linked with 

schizophrenia. Only 8p and 22q were common to both meta-analyses. Blood-based gene expression 

profiles, making use of 8 biomarker genes, were also recently shown to differentiate between 

schizophrenia, bipolar disorder and the control group with 95-97% accuracy (Tsuang et al., 2005). 

Some specific genes that may be implicated in the pathophysiology of schizophrenia are catechol-

O-methyl transferase (COMT), dysbindin (DTNBP1), neuregulin (NRG1), regulator of G-protein 

signalling (RGS4), disrupted-in-schizophrenia 1 (DISC1) and metabolic glutamate receptor-3 

(GRM3) (Austin, 2005; Harrison and Weinberger, 2005). In addition genes such as calcineurin, α7 

nicotinic receptor gene (CHRNA7), proline dehydrogenase (PRODH2) and Akt1 (protein kinase B) 

have also been suggested to play a role in schizophrenia development (Harrison and Weinberger, 

2005). Several dopaminergic genes, including the dopamine D3 receptor (DRD3) have also been 

investigated (based on the dopamine hypothesis) for their role in schizophrenia development; 

however, results have varied (Crocq et al., 1992; Dubertret et al., 1998; Jönsson et al., 2003; 

Ambrósio et al., 2004; Baritaki et al., 2004; Hoogendoorn et al., 2005). Based on the free radical 

hypothesis genes involved in the antioxidant pathway, such as GSHPx and specifically SOD, have 

also been investigated for their possible role in schizophrenia (Shinkai et al., 2004; Akyol et al., 

2005). One of these candidate genes, MnSOD, will be discussed in more detail below. 

 

1.2.7.1 MnSOD 

SOD plays a role in neurodevelopment, specifically growth termination and differentiation initiation 

(Mahadik and Mukherjee, 1996). Three types of SODs exist, namely copper-zinc SOD in the 

cytosol (McCord and Fridovich, 1969), extracellular SOD (Marklund, 1982), and manganese SOD 

(MnSOD) (Weisiger and Fridovich, 1973). The latter is localized in the mitochondria (Weisiger and 

Fridovich, 1973). MnSOD (OMIM number: *147460) converts O2
- to H2O2 (Fridovich, 1974; 

Chance et al., 1979). SOD works in combination with GSHPx and CAT to render harmless free 

radicals (Chance et al., 1979) (Figure 1), produced by several mechanisms such as auto-oxidation, 

the immune system, the respiratory chain reaction and toxicants (Fridovich, 1983; Curnutte and 

Babior, 1987; Halliwell, 1997; Davies, 2000). Since MnSOD scavenges free radicals, any change in 

activity of the enzyme may result in damage to the cell, and if this occurs in the brain, to 

neurodegeneration (Akyol et al., 2005). The genetic variant Ala-9Val is located in the  
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mitochondrial targeting sequence of MnSOD (see Figure 2). A change at residue 16 of the protein 

results in an amino acid change from alanine (GCT) to valine (GTT) (Ala16Val) (Rosenblum et al., 

1996; Sutton et al., 2003). This amino acid is located at position -9 in the signal peptide, and hence 

this polymorphism is also referred to as Ala-9Val (Shimoda-Matsubayashi et al., 1996). It was 

discovered that Ala-9Val may influence mitochondrial transport (Rosenblum et al., 1996; Shimoda-

Matsubayashi et al., 1996; Sutton et al., 2003; Sutton et al., 2005). The Val allele resulted in less 

efficient transport of MnSOD into the mitochondrion compared to the Ala allele in rat liver cells 

and HuH7 human hepatoma cells (Sutton et al., 2003; Sutton et al., 2005). This may mean that the –

9Ala allele will result in higher MnSOD activity and hence protect against free radical damage. 

Recently Akyol et al. (2005) reported an association between the Ala-9Val polymorphism of the 

MnSOD gene and schizophrenia in a Turkish population. The heterozygous Ala/Val genotype was 

found to be higher in schizophrenics compared to healthy controls. They also reported a lower 

Ala/Ala genotype in the schizophrenic group compared to the controls. The Ala/Ala genotype, as 

postulated by the above group, may have a protective effect against schizophrenia, while the 

Ala/Val genotype may predispose to the development of the disorder. This finding supports the 

hypothesis that reactive oxygen species (ROS) may play a role in the development of 

neuropsychiatric disorders (Akyol et al., 2005). Yet there have been contradictory results with 

Zhang et al. (2002a) for example not finding an association between schizophrenia development 

and the Ala-9Val variant. Ala-9Val has also been associated with other disorders such as age-

related macular degeneration (Kimura et al., 2000), where the development of the disorder was 

more likely when the Ala allele was present. It was therefore proposed that very efficient MnSOD 

could result in more production of H2O2, which may then result in free radical-mediated damage 

and the appropriate disorder. 

H2O2 SOD 

CAT 

GSHPx 

O2
- H2O 

Figure 1: The enzymatic antioxidant pathway. 
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1.2.7.2 Complexity of schizophrenia 

It is clear that schizophrenia is transmitted in a complex non-mendelian manner. The possibility that 

several gene loci may interact with each other to cause schizophrenia, as well as clinical 

heterogeneity complicates molecular studies of the disorder (OMIM number: #181500). The latter 

may result from factors such as different ethnicity, inadequate sample size, inaccurate assessment of 

schizophrenia symptoms by clinicians, overlapping symptoms with other disorders, lack of clear 

disease pathology, uncertain symptom boundaries, phenocopies and incomplete penetrance of the 

disease, (Sivagnansundaram et al., 2003). Possible ways of solving this problem have been the 

study of endophenotypes or of atypical and typical antipsychotic action (Rybakowski et al., 2001; 

Sivagnansundaram et al., 2003).  

 

1.2.8 Treatment of schizophrenia 

Management of schizophrenia is based on a bio-psycho-social approach (Mueser and McGurk, 

2004). Schizophrenia itself is treated by either typical (conventional, first generation) 

antipsychotics, or with the newer atypical (second generation) antipsychotics (Kawanishi et al., 

2000; Abidi and Bhaskara, 2003). Typical antipsychotics, which mainly target dopaminergic 

receptors, seem to alleviate positive symptoms and patient disability (Kawanishi et al., 2000). 

However, they seem to have little impact on the negative symptoms and carry a higher risk of side 

effects, such as tardive dyskinesia (TD) and extrapyramidal side effects (EPSE) (Kawanishi et al., 

2000; Abidi and Bhaskara, 2003). Atypical antipsychotics, which mostly target serotonergic 

receptors, have been shown to be effective in the treatment of both positive and negative symptoms, 

with a lower risk of TD and EPSE (Kawanishi et al., 2000; Abidi and Bhaskara, 2003; Casey, 2004; 

Pierre, 2005; Tenback et al., 2005). Nonetheless, recent research suggests that these drugs, 

especially clozapine, do show side effects such as weight gain, hyperprolactinemia, obesity, 

dyslipidemias, diabetes and cardiac adverse effects (Basile et al., 2001a; Basile et al., 2002; Abidi 

and Bhaskara, 2003). Atypical antipsychotics also do not totally alleviate the risk of TD, and cases 

where TD development occurred after atypical antipsychotic treatment have been reported (Miller, 

2003; Yeh et al., 2003; Ananth et al., 2004; Jeste, 2004; Pierre, 2005). Typical antipsychotics are 

generally prescribed in third world countries, since they are less expensive than atypical 

antipsychotics (Müller et al., 2004). The drug-induced side effects observed with typical 

antipsychotics, together with a generally unhealthy lifestyle (smoking and weight gain), as well as a 

high suicide rate found to exist in the schizophrenic population, increases this groups mortality risk 
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(Hughes et al., 1986; Yao et al., 2001; Abidi and Bhaskara, 2003). The smoking incidence has been 

shown to be extremely high among schizophrenics (Hughes et al., 1986). This may be due to a 

temporary decrease in negative symptoms through smoking. It is, however, not known whether this 

decrease is due to nicotine, the act of smoking, or other substances in cigarettes (Smith et al., 2002).  

 

1.2.9 Side effects  

As seen above, antipsychotics may induce certain side effects. This puts psychiatrists in a dilemma 

when prescribing drug treatment for their patients (Basile et al., 2002; Malhotra et al., 2004). 

Deciding what dosage to administer is a difficult task, since the efficacy of a drug at a certain 

dosage has to be balanced with the risk of developing side effects (Basile et al., 2002; Abidi and 

Bhaskara, 2003; Malhotra et al., 2004). This is complicated even more with some patients not 

responding to treatment, with for example only 60% of patients with schizophrenia responding to a 

specific drug (Spear et al., 2001). Psychiatric symptoms may persist, or side effects may develop, 

resulting in some degree of discomfort for the patient, which can lead to employment loss, social 

dysfunction, medical morbidity, and in some cases even suicide (Basile et al., 2002; Chouinard et 

al., 2002; Malhotra et al., 2004). Drug response has been shown to vary between patients (Basile et 

al., 2002; Malhotra et al., 2004) and between populations (Kalow and Bertilsson, 1994; Xie et al., 

2001) 

 

1.2.10 Genetics of psychiatric drug response and development of side effects 

Variability in drug response seems to have a genetic component (Spear et al., 2001); although there 

is little heritability data available on this, due to various different drugs being prescribed over 

generations (Malhotra et al., 2004). Interethnic variability in drug response has been noted and this 

is explained by genetic and/or environmental factors (Kalow and Bertilsson, 1994).  Based on the 

partly hereditary nature of drug response, as well as the development in the pharmacogenetic field 

and better molecular genetic techniques, research has focused on the analysis of several candidate 

genes, their variants and their possible role in drug response (Malhotra et al., 2004). In psychiatry, 

pharmacogenetic studies have focused mainly on the clinical efficacy of antipsychotics, efficacy of 

antidepressant medications and the development of adverse effects associated with psychotropic 

drugs (Basile et al., 2002; Malhotra et al., 2004). Studies on the efficacy of antipsychotic 

medication have mainly focused on the genetic basis of clozapine response, where the serotonergic 

and dopaminergic receptors have been extensively investigated (Basile et al., 2002). Tardive 

dyskinesia (TD), weight gain, sedation, extrapyramidal symptoms (EPS), long QT syndrome, 
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sexual dysfunction, blood lipid abnormalities and diabetes are some of the adverse effects that have 

been reported for the use of antipsychotics (Basile et al., 2002; Malhotra et al., 2004). TD, which 

seems to have a genetic component (Weinhold et al., 1981; Yassa and Ananth, 1981; Waddington 

and Youssef, 1988), has been one of the main side effects studied in conjunction with several 

genetic variants. 

 

1.3 Tardive dyskinesia (TD) 
Very little is known about the pathophysiology of abnormal involuntary movements (AIM) and no 

hypotheses exist that explain the development of AIM. Hence, in the following section the focus 

will be on TD specifically. TD (OMIM number: 272620) is a neuroleptic-induced involuntary 

movement disorder, with abnormal movements occurring in the tongue, jaw, trunk or extremities. 

Patients with TD are affected mainly on a social level, but in severe cases it may lead to problems 

such as having trouble eating or with dentures (orofacial dyskinesia) resulting in weight loss or 

cachexia development; problems during ambulation, respiratory dysfunction (diaphragmatic 

involuntary movements) and speech problems (APA, 1994; Sachdev, 2000).  

 

1.3.1 Symptoms 

The involuntary movements can take different forms, such as choreiform, athetoid, dystonic or 

stereotypic, or a combination of these forms. Choreiform movements are characterised by rapid, 

jerky, non-repetitive movements especially in the proximal muscles, whereas athetoid movements 

involve the distal muscles with slow, sinuous or writhing motions. Dystonic movements are slow 

and sustained muscle contractions, while stereotypic movements are rhythmic and repetitive 

(Sachdev, 2000). Generally the involuntary movements are more common in the orobuccal, lingual 

and facial muscles. However the limbs and trunk may also be affected (APA, 1994; Ebadi and 

Srinivasan, 1995; Sachdev, 2000). Involuntary movements in the facial, trunkal and limb area can 

also occur in combination (APA, 1994; Sachdev, 2000). TD symptoms may be worsened by 

stimulants, neuroleptic withdrawal, and anticholinergic medications and can be temporarily 

worsened by stress, emotional arousal, as well as distraction by voluntary movements in unaffected 

areas of the body. Abnormal movements are generally absent during sleep, while relaxation and 

voluntary movements in the affected area may also transiently reduce symptoms. Higher 

neuroleptic dosages may temporarily suppress TD (APA, 1994). As mentioned, neuroleptic-induced 

TD can show various types of involuntary movements, and this has prompted some to distinguish 

between TD and other involuntary movement disorders such as tardive dystonia, tardive akathisia, 

tardive tics and Tourette’s syndrome. Other features that have been associated with TD are of a 
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neurological, behavioural and cognitive nature, and include saccadic eye movement abnormalities, 

neurological soft signs and ventricular enlargement (Sachdev, 2000).  

 

1.3.2 Onset and diagnoses 

TD generally develops after neuroleptic treatment and may occur at any age. Dyskinesias may 

occur as an acute effect of neuroleptic treatment, but also due to other drugs such as 

anticonvulsants, secondary to other neurological and systemic disorders as well as spontaneously 

(see sections 1.3.3 and 1.3.4) (Sachdev, 2000). According to the DSM IV, diagnosis of neuroleptic–

induced TD occurs according to the criteria in Table 2. Diagnosis of TD can be considered accurate 

in the presence of moderately severe involuntary movements in at least one body part or mild 

movements in two or more body parts. Reassessment of patients with mild symptoms should occur 

within one week, to confirm the diagnoses (Schooler and Kane, 1982). To evaluate the severity of 

the symptoms, several scales can be used of which the Abnormal Involuntary Movements Scale 

(AIMS) is the most commonly used. Seven body regions are rated on a five-point scale for 

dyskinetic movements. Furthermore, a global severity rating of movements, the extent to which  

 

 

Table 2: DSMIV diagnostic criteria for tardive dyskinesia (APA, 1994). 

 

Research criteria for 333.82 Neuroleptic-Induced Tardive Dyskinesia 
 

A. Involuntary movements of the tongue, jaw, trunk, or extremities have developed in association with the use 
of neuroleptic medication. 

 
B. The involuntary movements are present over a period of at least 4 weeks and occur in any of the following 

patterns: 
(1) choreiform movements (i.e., rapid, jerky, nonrepetitive) 
(2) athetoid movements (i.e., slow, sinuous, continual) 
(3) rhythmic movements (i.e., stereotypies) 

 
C. The signs of symptoms in Criteria A and B develop during exposure to a neuroleptic medication or within 

4 weeks of withdrawal from an oral (or within 8 weeks of withdrawal from a depot) neuroleptic 
medication. 

 
D. There has been exposure to neuroleptic medication for at least 3 months (1 month if age 60 years or older). 

 
E. The symptoms are not due to a neurological or general medical condition (e.g. Huntington’s disease, 

Sydenham’s chorea, spontaneous dyskinesia, hyperthyroidism, Wilson’s disease), ill-fitting dentures, or 
exposure to other medications that cause acute reversible dyskinesia (e.g., L-dopa, bronocriptine). Evidence 
that the symptoms are due to one of these etiologies might include the following: the symptoms precede the 
exposure to the neuroleptic medication or unexplained focal neurological signs are present. 

 
F. The symptoms are not better accounted for by a neuroleptic-induced acute movement disorder (e.g., 

Neuroleptic-Induced Acute Dystonia, Neuroleptic-Induced Acute Akathisia). 
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they incapacitate the patient and the patient’s awareness of the movements is performed (Guy, 

1976). 

 

The course of TD is variable in terms of symptom severity, location, and duration (Ebadi and 

Srinivasan, 1995; Sachdev, 2000). Onset of TD is mainly gradual, with mild symptoms, but in some 

cases symptoms may be quite severe. TD symptoms remain stabile in half of all patients, while they 

may also worsen or improve in the rest (APA, 1994). In addition, remission of symptoms is also not 

uncommon (APA, 1994; Sachdev, 2000). 

 

1.3.3 Dyskinesia as a feature of schizophrenia 

Neuroleptically-naive schizophrenic patients have been reported to show dyskinesias, with the risk 

of developing TD symptoms and the severity of these symptoms increasing with age. The 

possibility exists that these dyskinesias are part of the pathophysiology of schizophrenia and 

symptoms are only exacerbated by neuroleptic treatment (Sachdev, 2000). A further finding 

implicates TD as a feature of schizophrenia, where negative symptoms severity as measured on 

SANS was also correlated with TD status, independent of risk factors such as age and antipsychotic 

exposure (Van Os et al., 2000).  

 

1.3.4 Prevalence/incidence 

About 20-30% of schizophrenics treated with antipsychotic medication develop tardive dyskinesia 

(Kane and Smith, 1982; Kane et al., 1985; Holden, 1987; APA, 1994). The prevalence of TD seems 

to vary between different populations, with for example lower prevalence rates (9.3%) in the 

Chinese population (Chiu et al., 1992) compared to western populations (25.0%) (Rittmannsberger 

and Schöny, 1986). The prevalence of this disorder in individuals of African descent has been found 

to be higher compared to other populations (van Harten et al., 1996). However, results are not 

consistent and the prevalence of TD for example in the Xhosa population was shown to be 28.4% 

(Patterson et al., 2005), which falls within the range (20-30%) of average TD prevalence (APA, 

1994). The elderly also seem to be more susceptible to developing TD and show a prevalence of up 

to 50% (APA, 1994). The incidence of TD in the elderly lies between 25-30% after an average of 1 

years cumulative exposure to neuroleptic medication (APA, 1994; Jeste et al., 1995), while younger 

individuals show an incidence of 3-5% per year (APA, 1994). Several cases of spontaneous tardive 

dyskinesia development have been reported (McCreadie et al., 1996; Sachdev, 2000; Kane, 2004). 

The calculation of the incidence and prevalence of drug-induced TD may therefore be confounded 
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by the occurrence of these spontaneous dyskinesias, but also by the use of different antipsychotics 

and other drugs, diagnostic criteria, symptom fluctuations and duration of antipsychotic treatment 

(Sachdev, 2000; Kane, 2004).  

 

1.3.5 Different hypotheses 

Drug induced tardive dyskinesia is potentially irreversible (Basile et al., 2002) and several changes 

(neuroplasticity, neurotoxicity, apoptosis) that may occur in the brain due to antipsychotic treatment 

have been investigated (reviewed in Dean, 2005). Still, the pathophysiology of TD is not well 

understood, however several theories have been proposed to explain its possible mechanism (Basile 

et al., 2002; Casey, 2004). 

 

1.3.5.1 Dopamine supersensitivity hypothesis 

The most popular theory for TD development so far has been that of dopamine receptor 

hypersensitivity/supersensitivity (Klawans and Rubovits, 1972; Casey, 2004). It speculates that due 

to the chronic antipsychotic treatment (mainly dopamine antagonists), dopamine receptors will 

become supersensitive towards dopamine, which in the end results in TD development (Klawans 

and Rubovits, 1972; Sachdev, 2000; Casey, 2004).  

 

The dopamine supersensitivity hypothesis is supported by research on rodents, where D2 receptor 

occupancy levels induced by haloperidol treatment had to be high and sustained before vacuous 

chewing movements were observed (Turrone et al., 2003). In addition, an increased number of 

dopamine D2 receptors have been correlated with behavioural changes in animal studies (Casey, 

2004). However, data on humans does not seem to support this (Sachdev, 2000). For example, 

Adler et al. (2002) did not find striatal dopamine binding differences between patients with either 

schizophrenia, schizoaffective disorder, major depression or bipolar affective disorder, and TD or 

AIMS scores. Furthermore, this hypothesis does not explain age as a risk factor for TD 

development, as well as the formation of spontaneous dyskinesias (Sachdev, 2000). 

 

Since different frequencies of TD are observed in typical and atypical antipsychotic treated patients, 

other hypotheses have been proposed based on the various receptors the two types of drugs bind to 

(Casey, 2004). Atypical antipsychotics block serotonin 2A receptors (HTR2A) in addition to D2 

receptors, compared to typical antipsychotics, which mainly block D2 receptors (Meltzer, 1999; 

Casey, 2004). Serotonin may influence the dopaminergic pathway, by inhibiting dopamine release 
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from dopaminergic axon terminals. HTR2A blockade by the atypical antipsychotics may result in 

less dopamine receptor binding and hence reduce chances of TD development (Casey, 2004).  

 

A further hypothesis focuses on different receptor-binding behaviour by the two types of 

antipsychotics. It is thought that atypical antipsychotics may not block D2 receptors long enough 

for EPS and other adverse affects to develop, but long enough for antipsychotic action to take place. 

The theory is difficult to prove or disprove, however it was found that rapid dissociation from the 

D2 receptor is correlated with lower EPS development (Casey, 2004). 

 

1.3.5.2 Neurodegeneration hypothesis 

Neurodegeneration has been hypothesised to result in TD development (Andreassen and Jørgensen, 

2000; Sachdev, 2000). This is also supported by risk factors for TD such as age and brain damage, 

as well as the disorder’s persistent nature (Andreassen and Jørgensen, 2000). In addition atypical 

and typical antipsychotics were shown to result in cerebral cell death (Bonelli et al., 2005). Several 

hypotheses have been put forward that imply a neurodegenerative mechanism for TD development 

(Andreassen and Jørgensen, 2000).  

 

1.3.5.2.1 Excitotoxicity 

TD development may also be explained by the excitotoxicity hypothesis (Andreassen and 

Jørgensen, 2000). It proposes that long-term neuroleptic treatment may increase the release of 

glutamate from the cortico-striatal terminals or result in decreased neuronal uptake of glutamate, 

which then results in excitotoxicity (Andreassen and Jørgensen, 2000, Burger et al., 2005a). 

Excitotoxic lesions have been implicated in the pathogenesis of TD (Gunne and Andren, 1993) and 

an association has been found between reduced glutamate transport and TD development in rats 

(Burger et al., 2005a), and this may be taken as evidence for an excitotoxic mechanism for TD 

development. The exact mechanism of the excitotoxicity is unknown (Andreassen and Jørgensen, 

2000). However, an impaired cellular energy metabolism through long-term exposure to typical 

neuroleptics, also known as “indirect excitotoxicity” (Andreassen and Jørgensen, 2000), as well as 

reduced glutamate transporter activity resulting in excitotoxicity (Burger et al., 2005a), has been 

proposed as a possible mechanism. 
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1.3.5.2.2 Free radical damage 

Another mechanism, which could result in neurodegeneration and possibly TD development, is free 

radical damage (Cadet and Kahler, 1994; Andreassen and Jørgensen, 2000; Sachdev, 2000). The 

sources of free radicals as well as the specific vulnerability of neurons to free radical damage were 

discussed earlier. It is thought that an increase in dopamine turnover due to long-term neuroleptic 

treatment (blocks dopamine receptors) may result in the higher free radical production, which in 

turn may lead to the development of TD (See, 1991; Andreassen and Jørgensen, 2000; Hori et al., 

2000). Mainly typical antipsychotics seem to have an oxidative effect (Cadet and Perumal, 1990; 

Lezoualc’h et al., 1996; Maurer and Möller, 1997; Parikh et al., 2003; Polydoro et al., 2004). The 

free radicals produced may then result in oxidative stress and possibly neurodegeneration and TD 

(Andreassen and Jørgensen, 2000). Findings that support this hypothesis are higher levels of free 

radicals such as TBARS and conjugated dienes in the brain of rats (Naidu et al., 2002; Burger et al., 

2005b) after neuroleptic treatment and also in the blood plasma and cerebrospinal fluid of TD 

patients (Lohr et al., 1990; Brown et al., 1998). Furthermore, abnormal antioxidant enzyme levels 

have been found in haloperidol-treated rat cell lines (Sagara, 1998), the brain of the TD rat model 

(Cadet and Perumal, 1990; Naidu et al., 2002), as well as the plasma of schizophrenic patients with 

TD (Zhang et al., 2003a). In addition, vitamin E (free radical scavenger) has been reported to 

reduce TD (Lohr et al., 1996; Andreassen and Jørgensen, 2000; Lohr et al., 2000). Some studies, 

however, could not confirm vitamin E’s protective role in TD development (Andreassen and 

Jørgensen, 2000). The finding that cerebrospinal fluid of patients showed signs of lipid peroxidation 

(hence oxidative stress) after treatment with phenothiazines, provides further evidence for the free 

radical hypothesis (Pall et al., 1987). Also the fact that some antipsychotics result in free radical 

production supports the notion of a free radical mechanism in TD development (Cadet and Perumal, 

1990; Lezoualc’h et al., 1996; Maurer and Möller, 1997; Parikh et al., 2003; Polydoro et al., 2004).  

 

Movement disorders are thought to be heterogeneous and several mechanisms may result in TD 

development (Klein, 2005). The combination of a few hypotheses may be able to explain TD 

pathophysiology (Andreassen and Jørgensen, 2000; Sachdev, 2000; Margolese et al., 2005).  

 

1.3.6 Risk factors 

Several risk factors have been associated with TD development (Table 3). Older age has 

consistently been found to be a risk factor for TD development (Kane and Smith, 1982; Lieberman 

et al., 1984; Jeste, 2004; Kasper et al., 2006). TD in the elderly is more likely to be in the orofacial  
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Table 3: Some possible risk factors for TD. Reprinted with permission from Macmillan Publishers 

Ltd: The Pharmacogenomics Journal (Müller DJ, Shinkai T, De Luca V, Kennedy JL Clinical 

implications of pharmacogenomics for tardive dyskinesia. 4:77-87), copyright (2004). 

 

Advanced age 

Female (or male) gender 

Ethnicity (higher in African-Americans) 

Presence of (early) extrapyramidal symptoms 

Dose and duration of exposure to classical 

antipsychotics 

Anticholinergic drugs, lithium 

Organic brain dysfunctions and neurological deficits 

Affective symptoms/disorders 

Negative symptoms 

Cognitive symptoms 

Alcohol/drug misuse 

Smoking 

Diabetes mellitus 

Menopause 

Family history of schizophrenia or affective disorder 

Family history of TD 

 

 

area, to be irreversible, to be more severe and occur early during neuroleptic treatment (Sachdev, 

2000). Changes in the central nervous system as well as to other biological processes could lead to 

older medicated patients being more prone to develop TD (Goldberg, 2003). Segman and Lerer 

(2002) put forward the hypothesis that certain genes that predispose to TD may in some way 

interact with age, resulting in a higher TD incidence in older patients. They did find an interaction 

between a HTR2A polymorphism and age. In addition, evidence suggests reduced serotonin receptor 

density, as well as serotonin-receptor-mediated prolactin response with age (Segman and Lerer, 

2002). They propose that genetic polymorphisms associated with TD development may become 

more relevant with age-related changes in for example receptor density.  

 

Another known risk factor is ethnicity, with African Americans having a higher and Asians having 

a lower risk of developing TD (Morgenstern and Glazer, 1993; Glazer et al., 1994). Furthermore, 

African Americans showed a poorer course of TD than did European Americans (Wonodi et al., 

2004). European Americans also tended to show more dyskinetic movements in the upper and 

lower extremities, compared to African Americans, who showed more dyskinetic movements in the 
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trunkal area. Genetic factors have been postulated to explain these ethnic differences (Wonodi et 

al., 2004). 

 

Duration of treatment with antipsychotics and its dose are also considered risk factors for TD 

development (APA, 1994; Jeste et al., 1995; Kapitany et al., 1998). However, this is also dependent 

on the type of antipsychotic prescribed (typical or atypical), since atypical antipsychotics seem to 

have a better outcome regarding TD development (Kawanishi et al., 2000; Abidi and Bhaskara, 

2003; Casey, 2004; Tenback et al., 2005) and typical antipsychotics have generally been found to 

be a risk factor for the development of TD (Kawanishi et al., 2000; Abidi and Bhaskara, 2003; 

Gharabawi et al., 2005; Kasper et al., 2006). In the Xhosa population duration of treatment and 

cumulative antipsychotic dose were also found to be risk factors for TD development (Patterson et 

al., 2005). 

 

Gender also has been associated with TD development. While TD severity and spontaneous 

dyskinesia development were associated with female gender (Yassa and Jeste, 1992), Kasper et al. 

(2006) actually found that males are more at risk of developing TD. It seems, though, that in 

younger individuals gender is not a risk factor, while elderly females are more prone to develop TD 

(Yassa and Jeste, 1992; APA, 1994; Kasper et al., 2006).  

 

Other risk factors that have been associated with TD development include duration of schizophrenia 

diagnosis, organic brain abnormalities, diagnosis with diabetes mellitus, mood disorders, drug or 

alcohol abuse and previous or early development of TD (also see Table 3) (Kane et al., 1988; APA, 

1994; Sachdev, 2000; Basile et al., 2002; Jeste, 2004; Kasper et al., 2006). In addition, 

anticholinergic drugs have been suggested to worsen, but not cause TD (Sachdev, 2000). 

 

1.3.7 Treatment 

So far no effective treatment for TD exists. There have been several studies on the possible 

treatment of TD with vitamin E. Results are, however, inconclusive, with some reporting reduced 

TD symptoms with vitamin E treatment (Elkashef et al., 1990; Lohr et al., 1996), some only if 

treatment occurs early during TD development (Boomershine et al., 1999; Pham and Plakogiannis, 

2005), and no effect at all (Adler et al., 1999). Essential fatty acids have also been suggested to 

reduce symptoms of TD (Mellor et al., 1995, 1996), but results have varied (Emsley et al., 2006). In 

addition, long-term atypical antipsychotic treatment may also possibly reduce TD severity (Louzã 

and Bassitt, 2005). Other substances that have been mentioned as potential treatment, but need 



 

 

21

further investigation, are: the antioxidant N-acetyl cysteine amide (AD 4) (Sadan et al., 2005), 

diphenyl diselenide (Burger et al., 2004), sarizotan (Rosengarten et al., 2006) and benzodiazepines 

(Bhoopathi and Soares-Weiser, 2006). In general a preventative strategy is adopted, and if TD 

develops, efforts are made to minimise the symptoms. This is done by prescribing the smallest 

antipsychotic dose, without risking relapse of the patient. Constant assessment of the patient for 

signs of TD during the treatment period should also be done to ensure that symptoms do not 

worsen, by for example discontinuing treatment with the specific antipsychotic or reducing the dose 

(Sachdev, 2000). In addition, anticholinergic drug treatment should be discontinued and dental 

status evaluated and corrected if need be (since badly fitted dentals may increase discomfort and 

involuntary movements (Blanchet et al., 2005)) (Sachdev, 2000). If possible, atypical antipsychotics 

should be used, since they seldom seem to result in TD or EPS development (Kawanishi et al., 

2000; Abidi and Bhaskara, 2003; Casey, 2004; Tenback et al., 2005). The problem with this 

strategy is that atypical antipsychotics are generally more expensive than typical antipsychotics and 

therefore not a viable option in third world countries such as South Africa (Müller et al., 2004).  

 

1.3.8 Genetics and TD 

TD seems to have a genetic basis (Weinhold et al., 1981; Waddington and Youssef, 1988). Possible 

candidate genes for pharmacogenetic studies on TD have been chosen based on the 

pharmacokinetic characteristics of the antipsychotic (e.g. which enzyme metabolises the drug), or 

on the theory used to explain TD pathophysiology.  

 

1.3.8.1 Dopamine theory 

Based on this theory (Discussed in section 1.3.5.1), genes coding for proteins in the dopamine 

pathway have been focused on. Genetic variants of the dopamine genes may affect dopamine 

receptor density (e.g. affects mRNA expression) (Arinami et al., 1997) or dopamine binding 

(Lundstrom and Turpin, 1996). The dopamine D2 receptor (DRD2) has been studied extensively in 

connection with TD, since it is the main site of action for typical antipsychotics. Yet in general no 

associations have been found between this gene and vulnerability to TD (Table 4) (Segman et al., 

2003). Only the dopamine D3 receptor (DRD3) gene Ser9Gly polymorphism has been repeatedly 

associated with susceptibility to TD (Table 4).  

 

DRD3 (OMIM number: *126451), a G-protein coupled receptor, belongs to the D2-like subfamily. 

It serves as an autoreceptor as well as a postsynaptic receptor (Schwartz et al., 1993) and is  
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Table 4: Association studies between tardive dyskinesia and several genetic variants. 

Gene Polymorphism Author Number of subjects 
(ethnic origin) Results 

MnSOD Ala-9Val Akyol et al. (2005) 153 (Turkish) No association 
MnSOD Ala-9Val Zhang et al. (2002a) 151 (Chinese) No association 

MnSOD Ala-9Val Hori et al. (2000) 333 (Japanese) Possible association between -9Ala 
allele & protection against TD 

MnSOD 
 
DRD3 

Ala-9Val 
 
Ser9Gly 

Zhang et al. (2003b) 101 (Chinese) Significant association of both 
variants combined with TD 

DRD3 Ser9Gly Woo et al. (2002) 113 (Korean) 
Significant association between 
Gly/Gly genotype & TD, but not with 
Ser9Gly alleles or AIMS score 

DRD3 Ser9Gly Garcia-Barcelo et al. 
(2001) 131 (Chinese) No association 

DRD3 Ser9Gly Segman et al. (1999) 233 (Ashkenazi Jews,  
non-Ashkenazi Jews) 

Significant association between Gly 
allele & TD 

DRD3 Ser9Gly Liao et al. (2001) 115 (Chinese) Significant association between 
heterozygotes & TD 

DRD3 Ser9Gly Rietschel et al. (2000) 157 (German, 
Caucasian) No association 

DRD3 Ser9Gly Steen et al. (1997) 100 (Scottish, 
Caucasian) 

Significant association between Gly 
homozygotes & TD 

DRD3 Ser9Gly Basile et al. (1999) 112 (Caucasian, African 
American, Asian) 

Significant association between: Gly 
allele & TD, & also between Gly 
homozygotes & AIMS scores 

DRD3 
 
DRD2 

Ser9Gly 
 
Ser311Cys 

Chong et al. (2003b) 317 (Chinese) No association, except between DRD3 
Ser/Ser genotype & TD 

DRD3 
 
DRD2 
 
DAT 

Ser9Gly 
 
His313His 
 
40 bp tandem repeat 

Inada et al. (1997) 105 (Japanese) No association 

DRD1 
DRD2 
DRD3 
DRD4 
DAT 
COMT 

24 polymorphisms Srivastava et al. (2005) 335 (North Indian) 
Association between genetic variants 
in DRD4 & COMT & TD. No 
association for other variants 

DRD3 
 
DRD2 
 
 
GSTM1 
 
GSTT1 
 
MDR1 
 
CYP3A5 1 
 
CYP2D6 1 
 
 
 
 

Ser9Gly 
 
Ser311Cys 
-141C Ins/del 
 
Deletions 
 
Deletions 
 
C3435T 
 
*3 *6 
 
*2 *3 *4 *5 *6 *7 *8 *9 
*10 *11 *14 *15 *17 *18 
*19 *20 *25 *26 *29 *30 
*31 *35 *36 *37 *40 *41 
*43 *45 

De Leon et al. (2005) 516 (American) 

Significant association between severe 
TD & DRD3’s Ser9Gly; 
Significant association between TD & 
GSTM1 deletion specifically in white 
women; 
Nonsignificant trend between TD & 
CYP2D6 & CYP3A5 absence, 
particularly in white men; 
No significant association for GSTT1, 
MDR1, DRD2 & TD 

DRD3 
(meta-
analysis) 

Ser9Gly Bakker et al. (2006) 1610 (various) 
Significant association between DRD3 
Gly allele & TD; however possible 
publication bias 

DRD3 
(meta-
analysis) 

Ser9Gly Lerer et al. (2002) 

780 (Caucasian, African 
American, German, 
Israeli Ashkenazi & 
non-Ashkenazi Jews, 
Austrian) 

Significant association between DRD3 
Gly allele carrier & TD, & also 
between DRD3 genotype & TD; 
significant association between Gly 
homozygotes & AIMS scores 

                                                 
1 The specific genetic variants which make up each individual allele are presented on the home page of the human cytochrome P450 (CYP) allele 
nomenclature committee: http://www.cypalleles.ki.se 
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Gene Polymorphism Author Number of subjects 

(ethnic origin) Results 

DRD3 
 
HTR2C 

Ser9Gly 
 
Cys68Ser 

Segman et al. (2000) 212 (Ashkenazi Jews,  
non-Ashkenazi Jews) 

Significant association between 
HTR2C together with DRD3 & TD 

DRD3 
 
CYP-17 

Ser9Gly 
 
Promoter  T C 
polymorphism 

Segman et al. (2002a) 113 (Ashkenazi Jews, 
non-Ashkenazi Jews) 

Significant association between A2-
A2 genotype together with DRD3 Gly 
allele & susceptibility to abnormal 
orofacial distal involuntary 
movements & be incapacitated by 
these movements 

CYP2D6 1 *2 Ohmori et al. (1999) 99 (Japanese) No association 

CYP2D6 1 A, B 
(*3 *4) Arthur et al. (1995) 16 (Swedish, 

Caucasian) 

No association between genotype & 
TD; but possible association between 
PM & AIMS score 

CYP2D6 1 *3 *4 Jaanson et al. (2002) 52 (Estonian, Russian) Significant association between at 
least one PM allele & TD 

CYP2D6 1 *3 *4 *5 Kapitany et al. (1998) 45 (Austrian, 
Caucasian) 

Significant association between 
heterozygotes & TD 

CYP2D6 1 A, B, D 
(*3 *4 *5) Armstrong et al. (1997) 76 (Caucasian, 1 Asian) Non-significant trend between PM & 

TD 

CYP2D6 1 *3 *4 *10 Ohmori et al. (1998) 100 (Japanese) 
Significant association between *10 & 
AIMS; modest association between 
*10 & TD 

CYP2D6 1 *10 (C188T) Liou et al. (2004) 216 (Chinese) 
Modest association between C100T & 
TD (especially in males); also 
between AIMS scores & C100T 

CYP2D6 1 *1*3 *4 *5 *6 *7 Andreassen et al. (1997) 100 (Scottish, 
Caucasian) 

Non-significant tendency between PM 
& TD 

CYP2D6 1 *2 *3 *4 *10 *12 Inada et al. (2003) 516 (Japanese) No association 

CYP2D6 1 
*1 *2 *3 *4 *5 *6 *7 *8 *9 
*10 *11 *14 *18 *19 *25 
*26 *31 *36 *41 

Nikoloff et al. (2002) 202 (Korean) 
Significant association between males 
with at least one decreased or loss of 
function allele & TD 

CYP2D6 1 
 
CYP3A4 1 

*4 
 
*1B 

Tiwari et al. (2005a) 335 (North Indian) 
No significant association with TD, 
but trend between CYP2D6*4 & 
severity of TD 

CYP1A2 1 C A in intron 1 Chong et al. (2003a) 291 (Chinese) No association; but association 
between smokers & TD 

CYP1A2 1 C A in intron 1 Basile et al. (2000) 85 (Caucasian, African 
American) 

Significant association between 
polymorphism & TD 

CYP1A2 1 C734A 
G-2964A 

Matsumoto et al. 
(2004a) 199 (Japanese) No association 

CYP1A2 1 *1C 
*1F Tiwari et al. (2005b) 335 (Indian) Significant association between *1C 

(smokers) & TD severity 
DRD2 
 
 
 
DAT 
 
 
DRD4 
 
 
HTR6 
 
5-HTT 
 
TPH 

TaqI A 
-141C Ins/Del 
Ser311Cys 
 
3’ VNTR 
G2319A 
 
Exon 3 VNTR 
Promoter 120 bp repeat 
 
C267T 
 
5-HTTLPR (promoter) 
 
Intron 7 A218C 

Segman et al. (2003) 122 (Ashkenazi Jews, 
non-Ashkenazi Jews) No association 

DRD2 
Ser311Cys 
-141C Ins/Del 
TaqI A 

Hori et al. (2001) 200 (Japanese) No association 

DRD2 

Ser311Cys 
-141C Ins/Del 
TaqI A 
TaqI B 
TaqI D 

Liou et al. (2006) 253 (unknown) Significant association of TaqI A & 
TaqI B with TD development 

                                                 
1 The specific genetic variants which make up each individual allele are presented on the home page of the human cytochrome P450 (CYP) allele 
nomenclature committee: http://www.cypalleles.ki.se 
 

Table 4: continued. 



 

 

24
Gene Polymorphism Author Number of subjects 

(ethnic origin) Results 

DRD2 

A-241G 
-141C Ins/Del 
TaqI A 
TaqI B 
TaqI D 
Pro310Ser 
Ser311Cys 
Val96Ala 
Leu141Leu 

Kaiser et al. (2002) 665 (European, 
Caucasian) No association 

5-HTT 5-HTTLPR (promoter) Chong et al. (2000) 188 (Chinese) No association 

HTR2A 
 
 
5-HTT 
 
 
COMT 

A-1438G 
T102C 
 
VNTR 
5-HTTLPR (promoter) 
 
Val158Met 

Herken et al. (2003) 222 (Turkey) No association 

HTR2A 
T102C, 
His452Tyr,  
A-1438G 

Segman et al. (2001) 217 (Ashkenazi Jews,  
non-Ashkenazi Jews) 

No association for His452Tyr; 
Significant association of T102C & 
A-1438G with TD 

HTR2A T102C Tan et al. (2001) 318 (Chinese) Significant association between 
variant & TD 

HTR2A 
T102C, 
His452Tyr, 
A-1438G 

Basile et al. (2001b) 136 (Caucasian, African 
American) No association 

HTR2A 
 
HTR2A 
 
HTR2C 

A-1438G 
 
T102C 
 
C68G (Cys23Ser) 

Deshpande et al. (2005) 335 (unknown) No association 

HTR2C C-759T 
G-697C Zhang et al. (2002b) 92 (Chinese) Significant association between  

G-697C in males +TD 

ACE 287 bp Ins/Del in intron 16 Segman et al. (2002b) 200 (Ashkenazi Jews,  
non-Ashkenazi Jews) No association 

COMT Val158Met Lai et al. (2004) 299 (Chinese) No association 
COMT 
 
 
MAOA 
 
MAOB 

Val158Met 
 
30 bp repeat (promoter) 
 
A113546G (A/G in intron 
13) 

Matsumoto et al. 
(2004b) 206 (Japanese) No association 

ESR1 

PvuII polymorphism (~400 
bp upstream of exon 2) 
 
XbaI polymorphism (~350 
bp upstream of exon 2 

Lai et al. (2002) 246 (Chinese) Marginal association between PvuII & 
TD, but no association for XbaI 

GSTP1 Ile105Val Shinkai et al. (2005) 225 (Caucasian, African 
American) No association 

GSHPx Pro197Leu Shinkai et al. (2006) 68 (Caucasian, African 
American) No association 

NOS1 C267T Wang et al. (2004) 251 (Chinese) No association 
PAH 12 variants Richardson et al. (2006) 123 (unknown) No association 

OPRM A118G Tan et al. (2003) 303 (Chinese) No association, but trend of protective 
effect by 118G allele 

(whole 
genome) CAG repeat expansions Lowrimore et al. (2004) 19 (African American, 

Hispanic, Caucasian) No association 

 

 

expressed scarcely in the brain and selectively expressed in the nucleus accumbens and olfactory 

tubercle (Steen et al, 1997). Suzuki et al. (1998), however, found the D3 mRNA more widely 

spread throughout the human brain, with intense D3 mRNA expression in the islands of Calleja, the 

ventral striatum, and the dentate gyrus. DRD3 mRNA has also been localised through autographic 

studies to the ventral side of the globus pallidus, which is a brain region involved in motor control 

(Liao et al., 2001). Generally the D3 receptor is associated with the limbic and basal ganglia regions 

Table 4: continued. 
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(Sokoloff et al., 1990; Suzuki et al., 1998). These areas are involved in cognitive, emotional, 

endocrine and motor functions (Suzuki et al., 1998). DRD3 seems to play a role in motor control, 

since for example DRD3 antagonists increase locomotor activity in rats (Kling-Petersen et al., 

1995) and DRD3 knockout mice show hyperactivity (Accili et al., 1996). The D3 receptors also 

have a high affinity for antipsychotics and a higher dopamine affinity than the D1 and D2 receptors 

(Sokoloff et al., 1990; Suzuki et al., 1998). The DRD3 gene (see Figure 2) is located on 

chromosome 3q13.3 (Le Coniat et al., 1991) and consists of 7 exons (Genatlas, Université René 

Descartes, Paris, http://www.genatlas.org). A genetic variant located in exon 2 in the DRD3 gene 

results in an amino acid change from serine to glycine in the N-terminal extracellular domain of the 

D3 receptor (Lannfelt et al., 1992). The Ser9Gly polymorphism was found to affect dopamine 

binding affinity, with the Gly homozygote having a higher binding affinity than the heterozygote or 

the Ser homozygote (Lundstrom and Turpin, 1996).  

 

Several studies have performed association studies between the Ser9Gly polymorphism (Table 4) 

and susceptibility to TD (Segman et al., 1999; Woo et al., 2002). Most studies did confirm an 

association between the Ser9Gly polymorphism and vulnerability to TD, however, Inada et al. 

(1997), Rietschel et al. (2000) and Garcia-Barceló et al. (2001) did not. Eichhammer et al. (2000) 

also found a link between Ser9Gly homozygosity and the development of acute akathisia, which 

can be regarded as a forerunner of TD, in 150 Caucasian schizophrenics. In general, Gly 

homozygosity was found to be associated with either risk of TD or severity of AIMS scores. 

However, Chong et al. (2003b) reported an association between Ser homozygosity and risk of TD. 

In a meta-analysis of 780 patients from six research centres, Lerer et al. (2002) confirmed an 

association between DRD3 Gly allele carrier status as well as genotype and TD, with Gly 

homozygotes having higher AIMS scores than heterozygotes and Ser homozygotes. They found that 

the polymorphism’s effect is small but significant, and that other genetic variants as well as 

environmental factors may also contribute to the development of TD. Ethnic differences in the 

genetic variant frequency as well as vulnerability to TD were also observed in this study. Segman et 

al. (2002a) also reported an interactive effect of the Gly allele and homozygosity for the mutant 

form of a CYP17α-hydroxylase polymorphism in the development of abnormal orofacial and distal 

involuntary movements as well as incapacitation by these movements, when chronically exposed to 

typical antipsychotics. In addition, the same group investigated a 5-HT2C receptor gene (HTR2C) 

polymorphism and the possibility of an interactive effect with DRD3 Ser9Gly in the susceptibility 

to TD (Segman et al., 2000). They found that these two polymorphisms contribute in an additive 

but only small way to the susceptibility to TD. An interactive effect between DRD3 Ser9Gly and 

MnSOD Ala-9Val polymorphism was also observed in a study by Zhang et al. (2003b), where the  



 

 

26

 

DRD3 
 

Length: 50.1 kb 
 

Chromosome location: 3q13.3 
 
 
 
 
 
 
 
 
 

MnSOD 
 

Length: 11.03 kb 
 

Chromosome location: 6q25.2 
 
 
 
 
 
 
 
 
 
 
 

CYP2D6 
 

Length: 5 kb 
 

Chromosome location: 22q13.1 
 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 2: Size, location and structure of DRD3, MnSOD and CYP2D6 (not drawn to scale). 
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Ser and the Val alleles respectively were associated with the development of TD. Another study 

looked at the DRD3 Ser9Gly polymorphism in conjunction with the occurrence of spontaneous TD 

development in drug naive schizophrenics, but did not find any association (Løvlie et al., 2001). 

DRD3’s Ser9Gly polymorphism has also been studied in conjunction with schizophrenia 

development. However, results have been contradictory (Dubertret et al., 1998; Jönsson et al., 

2003; Ambrósio et al., 2004; Staddon et al., 2005). 

 

Genes in the serotonin pathway have been investigated for their role in TD development as well. 

Serotonin receptor genetic variant association studies have shown little results, mainly finding no 

association with TD development (Table 4). In addition, genetic variants involved in serotonin and 

dopamine synthesis, degradation, re-uptake and transport have been studied, however no association 

between these variants and TD development could be confirmed (Table 4) (Segman et al., 2003; 

Herken et al., 2003). Mainly studies have focused only on single or small numbers of SNPs and 

their association with TD. This in association with population heterogeneity has posed a problem in 

the search for genetic variants giving rise to TD susceptibility (Malhotra et al., 2004). 

 

1.3.8.2 Free radical theory 

Based on the free radical theory genes involved in the antioxidant pathway have been examined, 

such as GSHPx, CAT and MnSOD. One study investigated the role of the Pro197Leu genetic variant 

in the glutathione peroxidase gene, which codes for an enzyme involved in the antioxidant pathway 

(Shinkai et al., 2006). Yet, no association was found. For the main part studies have focused on 

MnSOD (see Figure 2) where a functional polymorphism was discovered (Ala-9Val). MnSOD was 

discussed earlier in the context of schizophrenia development (See section 1.2.7.1), and, as 

mentioned, is involved in superoxide radical detoxification (Fridovich, 1974; Chance et al., 1979). 

A role of this enzyme in the pathophysiology of tardive dyskinesia has been suggested (Hori et al., 

2000; Zhang et al., 2003b). It was shown that the Val allele resulted in less efficient transport 

compared to the Ala allele in rat liver cells and HuH7 human hepatoma cells (Sutton et al., 2003, 

2005). Hori et al. (2000) found a significant association between Ala-9Val and TD in a Japanese 

cohort of 233. The mutant –9Ala allele was found less in TD patients compared to healthy controls, 

indicating that this allele may have a protective effect in the development of TD. Zhang et al. 

(2002a) confirmed an association between MnSOD activity and AIMS scores, however no 

association was found between the Ala-9Val polymorphism and TD in a cohort of 115 Chinese 

subjects consisting of schizophrenic patients with and without TD and healthy control subjects. 

Akyol et al. (2005) could also not confirm an association between the polymorphism and TD in a 
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Turkish population. Zhang et al. (2003b), however, found an interactive effect between DRD3 

Ser9Gly and MnSOD Ala-9Val polymorphism, where the Ser and the Val allele was associated with 

the development of TD. While MnSOD scavenges free radicals, it also produces H2O2, which, if it 

is not eliminated, can interact with transition metals to form free radicals and hence result in cell 

damage (Chance et al., 1979). This highlights the relevance of other antioxidant enzymes, such as 

GSHPx and CAT in removing reactive oxygen species.  

 

1.3.8.3 Drug metabolising enzymes 

Drugs are metabolised by several mechanisms: by phase I (oxidative) or phase II (conjugative) 

reactions (Linder et al., 1997; Wolf and Smith, 1999). Antipsychotics are metabolised by members 

of the cytochrome P450 (CYP) family via oxidation (Wilkinson, 2005). The CYP family is 

responsible for metabolising about 50% of drugs (Bertz and Granneman, 1997). Several genetic 

variants that result in altered activity of the enzyme have been observed in these genes (Homepage 

of the Human Cytochrome P450 (CYP) Allele Nomenclature Committee, 

http://www.cypalleles.ki.se/cyp2d6.htm). Since antipsychotic dosage and duration of treatment has 

been shown to be a risk factor for TD (Kapitany et al., 1998), any factor that increases the plasma 

level of antipsychotic medication may contribute to the risk of developing TD (Liou et al., 2004). 

Hence these enzymes have been studied in the context of TD development. CYP enzymes that have 

been investigated include CYP1A2, CYP2D6 and CYP17, with varying results (Table 4). However, 

the focus in regard to TD development has mainly been on CYP2D6 (Table 4). 

 

CYP2D6 (OMIM number: +124030) metabolises several drugs (about 25% of all CYP-metabolised 

drugs), including neuroleptics and antidepressants, as well as other foreign chemicals (e.g. 

environmental pollutants), arachidonic acid and eicosanoids by oxidative metabolism (Arthur et al., 

1995; Nebert and Russell, 2002; Ingelman-Sundberg, 2005b), and is found in the liver, the 

gastrointestinal tract, the brain, and possibly the lung (Zanger et al., 2004). It is considered a high-

affinity, low capacity metabolic enzyme, since it only constitutes about 2% (Shimada et al., 1994) 

of the CYP enzymes found in the liver (Malhotra et al., 2004). The CYP2D6 gene (see Figure 2), 

consisting of 9 exons, lies on chromosome 22 together with its pseudogenes CYP2D7P and 

CYP2D8P (97 % and 92 % exonic nucleotide similarity to CYP2D6 respectively). CYP2D7P is 

similar to CYP2D6, but has a reading frame-disrupting insertion within exon one. CYP2D8P on the 

other hand contains several insertions, deletions and terminations within its exons (Kimura et al., 

1989). CYP2D6 activity can be determined in two ways, namely via phenotyping or genotyping.  
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Phenotyping involves the intake of a probe drug (only metabolised by CYP2D6), such as 

debrisoquine, and later the calculation of the metabolic ratio (ratio of parent compound to 

metabolite in urine or serum) (MR) (Linder et al., 1997; McKinnon and Evans, 2000; Abraham and 

Adithan, 2001).  

 

Genotyping involves the identification of known mutations which affect enzyme activity 

(McKinnon and Evans, 2000; Abraham and Adithan, 2001), as described below. Several genetic 

variants have been described for the CYP2D6 gene, some of which result in lower CYP2D6 levels, 

or a total lack thereof (Homepage of the Human Cytochrome P450 (CYP) Allele Nomenclature 

Committee, http://www.cypalleles.ki.se/cyp2d6.htm). Individuals with a MR≥20 (phenotype) who 

are also homozygous for the alleles that result in a lack of enzyme activity (null alleles) (genotype), 

and hence have elevated drug plasma levels, are referred to as poor metabolisers (PMs) 

(Kirchheiner et al. 2004, Zanger et al., 2004). These individuals may be at a higher risk of adverse 

side effects, such as tardive dyskinesia (Kapitany et al., 1998). About 5-10% of Caucasians (Alván 

et al., 1990; Andreassen et al., 1997; Sachse et al., 1997) and 0-1% of Asians (Sohn et al., 1991) 

are poor metabolisers. The PM frequency of Africans varies between populations (0-19%) (Evans et 

al., 1993; Masimirembwa et al., 1996a; Panserat et al., 1999; Xie et al., 2001). For example, the 

San Bushmen have a higher PM frequency (19%) (Sommers et al., 1988) compared to population 

groups from Ghana (3%) (Griese et al., 1999) and Zimbabwe (2%) (Masimirembwa et al., 1996a). 

In general, though, it seems that African populations have a somewhat lower PM frequency (1-9%) 

compared to Caucasians (Bradford et al., 1998). Hence the prevalence of PMs between different 

populations may vary, with Caucasians showing the highest PM frequency. Individuals with 

1.2<MR<20 (phenotype) who are also homozygotes for a deficient enzyme activity allele or a 

carrier of a null allele (genotype), have intermediate drug plasma levels (Panserat et al., 1999; 

Zanger et al., 2004; Kirchheiner et al. 2004). These are the so-called intermediate metabolisers 

(IM). IMs are quite frequent in the Asian (38.1-70.0% of CYP2D6*10 allele) (Xie et al., 2001) and 

African populations (9.0-34.0% of CYP2D6*17 allele) (Panserat et al., 1999; Xie et al., 2001) 

compared to Caucasians (Sachse et al., 1997; Xie et al., 2001). Individuals with 0.15≤MR≤1.2, or 

who are wildtype homozygotes or heterozygotes for a deficient function allele, are referred to as 

extensive metabolisers (EMs) and are considered to have “normal” enzyme activity (Kirchheiner et 

al., 2004; Zanger et al., 2004). Ultrarapid metabolisers (UMs) are individuals that show a MR<0.15 

(phenotypically) and gene duplications (genotypically) and hence show a lower plasma drug level 

(Bertilsson et al., 1993; Zanger et al., 2004). This phenomenon has mainly been observed in 

Caucasian (Masimirembwa and Hasler, 1997) and North African populations (Aklillu et al., 1996). 

It has been proposed that the higher frequency of CYP2D6 duplications, specifically in the 
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Ethiopian population, may have resulted as a consequence of selection pressure during starvation, 

allowing more efficient detoxification of plant toxins and hence wider selection of food (Ingelman-

Sundberg, 2005a). It should be noted that other CYP2D6 classification systems are being developed, 

due to the discrepancies regarding the definition specifically of IM status (Steimer et al., 2004). 

While genetics clearly influences CYP2D6 activity, other factors may also influence CYP2D6 

metabolism such as environmental factors, drug interactions and enzyme inhibition (Caraco, 2004; 

Wilkinson, 2005). Through the latter two mechanisms an individual may be converted from an EM 

into a PM, independent of genotype, this is termed phenocopying (Kroemer and Eichelbaum, 1995; 

Wilkinson, 2005). Although EM women may have a slightly higher CYP2D6 activity compared to 

men, CYP2D6 cannot be induced by hormones nor regulated by any other known environmental 

substance (Meibohm et al., 2002; Ingelman-Sundberg, 2005a). 

 

Several association studies have been done on CYP2D6 genetic variants or PM status and 

susceptibility to TD (Table 4). In this context, CYP2D6*3 and CYP2D6*4 have been studied most 

often. While several studies report a significant association or non-significant trend between PM 

status and TD, few could confirm a link between one specific variant and susceptibility to TD. 

Ohmori et al. (1998) did find CYP2D6*10 (mainly present in Asians) to be significantly associated 

with risk of TD in the Japanese population. Liou et al. (2004) could only confirm this association in 

males, and also found a significant association between AIMS score and CYP2D6*10 in a Chinese 

population. Association studies between CYP2D6 and TD were performed on different populations, 

and since it is clear that some CYP2D6 genetic variants are more frequent in certain populations, it 

is important to study the effects of the population relevant variants in the appropriate population. 

Based on the allele frequencies of CYP2D6 variants in African populations (Xie et al., 2001), some 

of these alleles will be discussed in more detail below. 

 

1.3.8.3.1 CYP2D6*4 

The variant characterising this allele is G1846A (end of intron 3; see Figure 2), which results in a 

splicing defect, and in homozygous individuals in the absence of CYP2D6 (PM status) (Kagimoto 

et al., 1990). This variant is found less in the African (0.9-9.3%) and almost never in the Asian 

population (0.0-0.8%) (Evans et al., 1993; Masimirembwa and Hasler, 1997; Bathum et al., 1999; 

Xie et al., 2001), and occurs more frequently in Caucasians (11.3-28.6%) (Xie et al., 2001). 
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1.3.8.3.2 CYP2D6*10 

This allele is made up primarily by the C100T mutation (exon 1; see Figure 2). It results in an 

amino acid change from proline to serine. Functional studies showed that C100T results in the 

expression of a more unstable gene product (hence less CYP2D6 enzyme) (Johansson et al., 1994). 

Homozygosity for this variant results in the IM state. CYP2D6*10 is mainly found in the Asian 

population (38.1-70.0%), whereas it is found less in the African (1.0-8.6%) and Caucasian (1.4-

6.1%) populations (Xie et al., 2001). 

 

1.3.8.3.3 CYP2D6*17 

Three variants make up the CYP2D6*17 allele (see Figure 2), C1023T (exon 2), C2850T (exon 6) 

and G4180C (exon 9). These variants result in the amino acid changes Thr107Ile, Arg296Cys and 

Ser486Thr respectively, of which the last two variants are also present in CYP2D6*2 

(Masimirembwa et al., 1996b). The presence of C1023T and C2850T specifically results in the IM 

phenotype in homozygous individuals by lowering the metaboliser rate (Oscarson et al., 1997). 

CYP2D6*17 is mainly found in African populations (9.0-34.0%) (Masimirembwa et al., 1996b; 

Panserat et al., 1999; Xie et al., 2001), and its presence explains the high amount of intermediate 

metabolisers in this population (Bathum et al., 1999; Panserat et al., 1999; Dandara et al., 2001; Xie 

et al., 2001). This allele is very seldom found in Caucasians (0.0-1.1%) as well as Asian 

populations (0.0%) (Xie et al., 2001). 

 
1.4 Aim of study 
The mechanism of AIM/TD is not well understood and possibly heterogeneous of nature. 

Furthermore it may also differ between populations. Several association studies have implicated 

specific variants in the development of this disorder, however, mainly in Caucasian or Asian 

populations. Very few studies have focused on African populations and then mainly on African 

Americans in combination with Caucasians (Table 4). The Xhosa population is unique to South 

Africa and is one of the largest population groups here. As mentioned earlier, a study on a Xhosa 

schizophrenia population found a prevalence of 28.4% for TD (Patterson et al., 2005). Our study 

aimed at determining the prevalence of specific genetic variants in this population and attempted to 

replicate associations found between certain genetic variants and TD in the unique African Xhosa 

population. Since the diagnosis of TD requires very stringent criteria, patients were at first only 

diagnosed as having abnormal involuntary movements from the clinical data available. Therefore, 

this study focused on the link between abnormal involuntary movements (which includes TD) and 

certain genetic variants. However, a post hoc TD classification was later performed on patients with 
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abnormal involuntary movements and hence associations between certain genetic variants and TD 

were still investigated. This study is unique in that it focuses on AIM as well as TD development 

and severity. In the future genetic testing to determine the optimal treatment for a patient may 

become a reality, but is dependent on various factors, including the determination of the genetic 

components that result in AIM/TD in the various populations (since different genetic components 

may contribute to the development of the disorder in different populations). This study attempted to 

find these possible genetic components in the Xhosa schizophrenia population. 

 

The specific objectives of this study were: 

• Investigate the role of the following genetic variants in the development and severity of 

AIM and TD: 

o  MnSOD Ala-9Val ; 

o DRD3 Ser9Gly; 

o CYP2D6*4, CYP2D6*10 and CYP2D6*17; 

• Investigate the role of MnSOD Ala-9Val in the development and severity of schizophrenia; 

• Compare allele and genotype frequencies in the Xhosa schizophrenia population to those 

reported in the literature; 

• Determine if there are any interactive effects between MnSOD Ala-9Val, DRD3 Ser9Gly, 

CYP2D6*4, CYP2D6*10 and CYP2D6*17 in the development of AIM/TD. 
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Chapter Two 

 

Association between the MnSOD Ala-9Val polymorphism and 

development of schizophrenia and abnormal involuntary 

movements in the Xhosa population 
(This version of the article was submitted to Progress in Neuro-Psychopharmacology & Biological 

Psychiatry and is accepted after minor revision) 

 
2.1 Abstract 
Reactive oxygen species (ROS)-mediated damage has been hypothesized to play a role in the 

development and poor outcome of schizophrenia, as well as the development of neuroleptic-induced 

abnormal involuntary movements. Recently, the functional polymorphism (Ala-9Val) in the 

manganese superoxide dismutase (MnSOD) gene (part of the antioxidant defence mechanism) was 

found to be associated with schizophrenia in a Turkish population. This study was aimed at 

replicating this finding in a Xhosa population. In addition, the role of Ala-9Val in abnormal 

involuntary movement and tardive dyskinesia development in the Xhosa population was also 

investigated. The schizophrenic patient group (n=286) and a healthy control group (n=243) were 

genotyped for the Ala-9Val polymorphism using heteroduplex-single stranded conformational 

polymorphism (HEX-SSCP) analysis. No significant difference in genotype or allele frequency 

could be observed between the schizophrenia and control group (P=0.294 and P=0.528 

respectively). In addition no association could be found between the polymorphism and symptom 

severity (SANS and SAPS). The Xhosa schizophrenia patient group with abnormal involuntary 

movements (n=54) and a subgroup with tardive dyskinesia (n=30) was found to significantly differ 

in Ala-9Val genotype frequency (P=0.008 and P=0.011 respectively) compared to the Xhosa 

schizophrenia patient group without abnormal involuntary movements (n=204). However, no 

significant difference was found for the allele frequencies (P=0.955 and P=0.161). Further, using 

ANCOVA no association was found between AIMS score and genotype in the group with abnormal 

involuntary movements (P=0.1234). However, in the patient group with tardive dyskinesia an 

association was observed between genotype and AIMS score (P=0.0365). These results do not 

support a major role of the MnSOD Ala-9Val polymorphism in the development of schizophrenia or 

symptom severity in the Xhosa population. Yet it seems to be involved in the development of 
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abnormal involuntary movements and tardive dyskinesia and may even modulate the severity of 

tardive dyskinesia. 

 

2.2 Introduction 
Reactive oxygen species (ROS) are generated in vivo by several mechanisms including auto-

oxidation and electron leakage in the respiratory chain in the mitochondria (Halliwell, 1997; 

Fridovich, 1983). The antioxidant defence mechanism of the body consists of (a) enzymes, such as 

superoxide dismutase (SOD), glutathione peroxidase (GSHPx) and catalase (CAT), and (b) 

antioxidant compounds such as α-tocopherol (vitamin E) and ascorbic acid (vitamin C) (Mahadik 

and Mukherjee, 1996; Rao and Balachandran, 2002). Excess ROS that are not scavenged by the 

antioxidant defence mechanism can interact with lipids, proteins and nucleic acids, resulting in 

cellular dysfunction or cell death (Halliwell, 1991; Mahadik and Mukherjee, 1996). Aberrations, 

whether linked to diet or genetic alterations in the antioxidant defence mechanism, may therefore 

result in an excess of ROS and hence damage to the cells.  

 

Neural cells seem to be highly susceptible to oxidative damage (Mahadik et al., 2001; Rao and 

Balachandran, 2002), and there is increasing evidence that ROS-mediated damage in the central 

nervous system (CNS), through an inefficient antioxidant defence mechanism and/or increase in 

ROS production, may play a role in the development of schizophrenia (reviewed in Yao et al., 

2001). 

 

Individuals with schizophrenia seem to have higher superoxide anion levels (Melamed et al., 1998; 

Sirota et al., 2003) as well as increased levels of lipid peroxidation products, which are a measure of 

oxyradical-mediated damage (Mahadik et al., 1998; Dakhale et al., 2004), compared to healthy 

controls. Furthermore, low levels of membrane phospholipid PUFAs have consistently been 

observed in drug-naïve and medicated schizophrenic patients (Khan et al., 2002; Arvindakshan et 

al., 2003a). Evidence, albeit ambiguous, also exists for altered levels (Ranjekar et al., 2003; Michel 

et al., 2004) and activity (Ravikumar et al., 2000; Kuloglu et al., 2002) of the antioxidant enzymes 

SOD, CAT and GSHPx in the blood or CNS of drug-naïve or antipsychotic-treated patients. Other 

antioxidant compounds such as albumin, bilirubin, uric acid, and ascorbic acid have also been 

shown to be lower in drug-naïve schizophrenic patients compared to healthy controls (Reddy et al., 

2003; Dakhale et al., 2004). While some antipsychotics may have pro-oxidant qualities (Parikh et 

al., 2003; Polydoro et al., 2004) which could confound findings, drug-naïve patients have also been 

shown to have aberrant levels of antioxidant enzymes (Mukherjee et al., 1996), lipid peroxidation 

products (Mahadik et al., 1998) as well as antioxidant compounds (Reddy et al., 2003). This has 
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lead to the hypothesis that ROS-mediated damage may be involved in the pathophysiology of 

schizophrenia (Mahadik and Mukherjee, 1996). Nevertheless, it is thought that oxidative damage 

may not be the primary event resulting in schizophrenia, but may affect deterioration and poor 

outcome of the disorder (Mahadik et al., 2001; Arvindakshan et al., 2003a). For example, an excess 

of ROS or low total antioxidant status during a three month drug-free (not drug-naïve) period have 

been positively correlated with negative symptoms (PANSS, BHPR, BPRS, SANS) in patients with 

schizophrenia (Yao et al., 1998a; Sirota et al., 2003). In addition some evidence exists that 

worsening negative symptoms in psychotic patients is linked to the development of tardive 

dyskinesia (TD) (Van Os et al., 2000), a neuroleptic-induced involuntary movement disorder 

(Sachdev, 2000). Other studies, however, did not confirm this (Chiu et al., 1993). 

 

It has been postulated that oxidative damage, due to an increased dopamine turnover, may also play 

a role in the development of TD (See, 1991; Cadet and Kahler, 1994; Andreassen and Jørgensen, 

2000). Evidence that supports this hypothesis comes from higher levels of ROS indices (such as 

TBARS and conjugated dienes) in the brain of rats after neuroleptic treatment (Naidu et al., 2002; 

Burger et al., 2005b) and in the plasma and cerebrospinal fluid of TD patients (Lohr et al., 1990; 

Brown et al., 1998). Neuroleptics used in the treatment of schizophrenia, specifically typical 

antipsychotics, have been shown to induce oxidative stress (Cadet and Perumal, 1990; Maurer and 

Möller, 1997). Abnormal antioxidant enzyme levels have been found in haloperidol-treated (typical 

antipsychotic) rat cell lines (Sagara, 1998), the brain of the TD rat model (Cadet and Perumal, 1990; 

Naidu et al., 2002), as well as the plasma of schizophrenic patients with TD (Zhang et al., 2003a). 

In line with this hypothesis a diet rich in antioxidants is suggested to be protective against the 

development of TD (Lohr et al., 2000).  

 

One of the enzymes which is part of the antioxidant defence system is SOD. It plays a role in 

neurodevelopment, specifically growth termination and differentiation initiation (Mahadik and 

Mukherjee, 1996). Three types of SOD enzymes can be distinguished, namely copper-zinc SOD in 

the cytosol (McCord and Fridovich, 1969), extracellular SOD (Marklund, 1982), and manganese 

SOD (MnSOD) that is localized in the mitochondria (Weisiger and Fridovich, 1973). MnSOD 

(OMIM number: *147460) converts O2
- to H2O2 (Fridovich, 1974). A functional polymorphism in 

the MnSOD gene, due to a change of one nucleotide in the mitochondrial targeting sequence (MTS), 

results in an amino acid change from alanine (GCT) to valine (GTT) at residue 16 of the protein, 

and position –9 in the signal peptide (hence Ala-9Val) (Rosenblum et al., 1996; Shimoda-

Matsubayashi et al., 1996). Computer models predict the formation of a partial α-helix structure by 

the alanine allele and a β-sheet structure by the valine allele (Shimoda-Matsubayashi et al., 1996). 
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The Ala-9Val polymorphism may therefore influence mitochondrial transport. Indeed, the Val allele 

resulted in less efficient transport of MnSOD into the mitochondrion compared to the Ala allele in 

rat liver cells and HuH7 human hepatoma cells (Sutton et al., 2003, 2005). Since MnSOD plays a 

vital role in the antioxidant defence system as well as neurodevelopment, a change in enzyme 

concentration through the action of Ala-9Val, may result in ROS accumulation and hence cell 

injury.  

 

Two previous studies did not find an association between Ala-9Val and schizophrenia in Chinese 

and Japanese populations (Hori et al., 2000; Zhang et al., 2002a). Recently though, Akyol et al. 

(2005) observed a significant difference between the genotypes of Turkish schizophrenia patients 

and healthy controls, with the Ala/Ala and Val/Val genotype frequency lower, and the Ala/Val 

genotype frequency higher in the schizophrenic group. Association studies on TD and Ala-9Val 

also show contradictory results, with Hori et al. (2000) confirming an association in a Japanese 

population, while Zhang et al. (2002a) and Akyol et al. (2005) did not find such an association in a 

Chinese and Turkish population respectively.  

 

Ethnicity has been suggested to be a risk factor for the development or the course of TD, with for 

example African Americans having a higher risk compared to Caucasians (Morgenstern and Glazer, 

1993; Wonodi et al., 2004). TD prevalence may therefore vary between populations, (Chiu et al., 

1992), and hence it is important to investigate the genetic basis of TD in different populations. 

Patterson et al. (2005) found the prevalence of TD in the Xhosa population to be 28.4%, which is in 

the range of other reports (~20-30%) (Kane and Smith, 1982; Holden, 1987; Kane et al., 1988). The 

Xhosa population is the Southern-most group of the Nguni-speaking Africans and one of the largest 

population groups in South Africa. TD development in this unique population was associated with 

the total numbers of treatment years and cumulative antipsychotic dose. The study also suggested a 

protective role of an antioxidant rich diet against TD development. Unfortunately the Patterson 

study did not examine the role of negative symptoms in the development or degree of TD.  

 

The MnSOD Ala-9Val polymorphism has not been studied in association with TD development in 

the Xhosa population. Since the risk of TD development varies depending on ethnicity, we wanted 

to investigate the effect of Ala-9Val polymorphism on abnormal involuntary movement (AIM) 

(which encompasses TD) development specifically in a South African Xhosa population. In 

addition, the role of this polymorphism in schizophrenia development, as well as symptom severity 

was examined in this population. 
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2.3 Materials and Methods 

2.3.1 Clinical 

2.3.1.1 Patient population 

Patients were recruited from in- and outpatient hospital services and community clinics throughout 

the Western Cape Province of South Africa as part of a large multi-site genetic study. All possible 

participants were screened for suitability and diagnosed according to the diagnostic and statistical 

manual of mental disorders, fourth edition (DSM-IV) criteria (APA, 1994). Unrelated controls 

(matched for ethnicity, gender and age within 5 years) were recruited from local communities by 

word of mouth. The study was approved by the ethics committee of Stellenbosch University and 

informed, written consent was obtained from participants and where applicable from their caregiver. 

Inclusion criteria for patients comprised a diagnosis of schizophrenia (DSM-IV Criteria) and for 

patients and controls Xhosa ethnic origin (4/4 grandparents reported as of Xhosa origin). 

 

2.3.1.2 Assessment  

Each patient was interviewed utilizing the standardized Diagnostic Interview for Genetic Studies 

version 2.0 [DIGS] (Nurnberger et al., 1994), including the Schedule for the Assessment of 

Negative Symptoms (SANS) and the Schedule for the Assessment of Positive Symptoms (SAPS) 

(Andreasen, 1989; Andreasen, 1995). For the investigation of involuntary movements, the 

Abnormal Involuntary Movement Scale (AIMS) was used. This scale measures seven domains of 

involuntary movements on a severity scale of 0 to 4 where 0 = absent and 2-4 = presence of 

involuntary movement (Guy, 1976). Interviews were conducted in Xhosa, the native language of all 

participants. All participants reported on for this article were recruited at a single study site, using 

the same interviewers who held regular calibration meetings. Supplemental information was 

obtained from Hospital chart records and family members where available. 

 

2.3.2 Laboratory 

2.3.2.1 Genotyping 

Primers encompassing the Ala-9Val polymorphism were designed for PCR amplification of exon 2 

(Forward primer: 5’-GCTTTCTCGTCTTCAGC-3’, Reverse primer: 5’-CTCCT 

CGGTGACGTTC-3’). Amplification was performed in a 25 µl reaction containing 25 ng genomic 

DNA, 0.5 units of BiotaqTM DNA polymerase (Bioline, Canton, MA, USA), 3 mM MgCl2 (Bioline, 
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Canton, MA, USA), 1X NH4 buffer (Bioline, Canton, MA, USA), 0.4 μM of each primer, 0.1 mM 

of each dNTP (Fermentas, Ontario, Canada), with a GeneAmp PCR System 2700 (Perkin Elmer, 

Applied Biosystems, Warrington WA, Great Britain). The PCR program used included an initial 

denaturation step of 94°C for 5 minutes, followed by 35 cycles of denaturation at 94°C for 20 

seconds, annealing at 58°C for 20 seconds and elongation at 72°C for 30 seconds, with a final 

elongation step at 72°C for 7 minutes. The 194 bp fragment was visualized under UV light on a 

1.5% (w/v) agarose gel stained with ethidium bromide (0.01%; v/v). The samples were screened for 

the Ala-9Val polymorphism using heteroduplex-single strand conformational polymorphism (HEX-

SSCP) analysis. Electrophoresis was performed in 12% (w/v) polyacrylamide gels, containing 7.5% 

(w/v) urea at 250V for 17 hrs at 4°C. The gels were silver stained to resolve the genotype of each 

sample. Samples of which the DNA sequence had been determined, served as controls to enable 

accurate scoring of the genotypes from the polyacrylamide gels.  Please also see Appendix A and B 

for more information regarding DNA extraction and genotyping. 

 

2.3.3 Statistical analysis 

The genotype and allele frequencies for the Xhosa control and schizophrenia groups, and the 

subgroups within the schizophrenic group (with AIM [AIM+] and without AIM [AIM-]) were 

calculated, and tested for departure from Hardy-Weinberg equilibrium (HWE) by means of a chi-

square-goodness-of-fit-test with Tools for Population Genetic Analysis (TFPGA) version 1.3 

(Miller, 1997). The classifications towards AIM status of patients were done according to AIMS 

score counts, where patients with an AIMS of two and above were considered to have an AIM. The 

choice of a positive score on the AIMS is broader and more inclusive than the accepted TD criteria 

(for example Schooler-Kane). It is however much less stringent and could be over-inclusive of 

movements that would not necessarily lead to functional impairment. However, the potential 

outcome of this study had to consider the structure and availability of health resources within South 

Africa. As the majority of mental health treatment takes place in a community setting under the care 

of nursing personnel the use of our criteria (presence of any positive score on AIMS) will be within 

the abilities and scope of the available health resources. Although the primary aim of this study was 

to investigate abnormal involuntary movements in a broader context, a post-hoc classification was 

done according to the Schooler-Kane criteria (Schooler and Kane, 1982) to determine the presence 

of tardive dyskinesia. These criteria require a score of “mild” on at least two items or “moderate” on 

any one item in categories 1 to 7. Possible differences in genotype or allele frequencies between the 

control, patient group, and the subgroups were determined using an analog of a Fisher’s exact test 

on a contingency table (2X2 or 2X3 as appropriate) with Excel.  
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Clinical demographic data was only available for the schizophrenic group. The data was tested for 

normality by means of the Kolmogorov-Smirnov test and normality plots using Statistical Package 

for the Social Sciences (SPSS Inc., Chicago IL) version 14 for Windows. Testing for possible 

differences in gender, antipsychotic drug type and smoking status among the schizophrenic 

subgroups (AIM+ and AIM-) was accomplished by way of an analog to Fisher’s exact test (on a 

contingency table) with Excel. All subsequent analyses were performed using Statistical Package 

for the Social Sciences (SPSS Inc., Chicago IL) version 14 for Windows. Possible differences in 

age, duration of illness, onset age, SAPS and SANS scores among the different groups were 

assessed by t-test. Correlation between SANS and SAPS score and the different genotypes 

(schizophrenic group) was examined by making use of the Spearman rank correlation coefficient 

(r), a non-parametric test, corrected for ties with a two-tailed significance (α = 0.05). Analysis of 

covariance (ANCOVA) was used to assess the relationship between AIMS score and different 

genotypes of the AIM+ schizophrenic subgroup. Age was used as covariate. This analysis was 

performed using SAS software version 9.1. Copyright, SAS Institute Inc. SAS and all other SAS 

Institute Inc. product or service names are registered trademarks or trademarks of SAS Institute 

Inc., Cary, NC, USA. The same statistical analysis was performed for the TD vs. the AIM- group. 

For the ANCOVA age and onset age were used as covariates. 

 

2.4 Results 

2.4.1 MnSOD Ala-9Val and schizophrenia 

An association between the MnSOD Ala-9Val polymorphism with schizophrenia and AIM 

development was investigated, by genotyping Xhosa schizophrenia patients (with and without AIM) 

as well as healthy Xhosa controls for this variant using HEX-SSCP analysis (Figure 3). The 

genotype and allele frequencies for this polymorphism in a South African Xhosa schizophrenic 

(n=286) and a healthy control (n=243) group are given in Table 5. Also shown are the frequencies 

for the subgroups within the schizophrenia group, AIM+ and AIM-. Both the Xhosa control and 

schizophrenia group were found to be in HWE (P=0.7813 and P=0.0756). However, due to the low 

P value for HWE in the schizophrenic population, a Type II error cannot be excluded. For the 

schizophrenic patients the Ala/Val genotype was numerically more frequent compared to the 

control group (Table 5). Slight differences in the allele frequencies, with the schizophrenia group 

having a higher Ala and a lower Val allele frequency compared to the controls were also observed 

(Table 5). However, the difference was not statistically significant for either the genotype  
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Figure 3: Silver-stained HEX-SSCP gel, showing the different genotypes for MnSOD Ala-9Val. 

The sample in Lane 2 is heterozygous for Ala-9Val; the samples in lane 1 and 3 are homozygous for 

the Val and the Ala alleles respectively. 

 

(χ2=2.445, d.f.=2, P=0.294), or the allele frequencies (χ 2=0.398, d.f.=1, P=0.528) of the two 

groups. Furthermore, the Spearman rank correlation coefficient showed no significant correlation 

between the different genotypes and SANS score (r=-0.086, P=0.150) or SAPS score (r=0.021, 

P=0.737) in the schizophrenic patient group.  

 

 

Table 5: MnSOD Ala-9Val genotype and allele frequencies for the control and schizophrenia group 

with subgroups for AIM+ and AIM-. 
  Schizophrenic patients Controls  

 

 
AIM+  

n (%) 

AIM-  

n (%) 

Total  

n (%) 
n (%) 

Ala/Ala 12 (22) 22 (11) 41 (14) 46 (19) 

Ala/Val 20 (37) 121 (59) 153 (53) 117 (48) 

Val/Val 22 (41) 61 (30) 92 (32) 80 (33) Genotypes 

P-value 0.008 0.294 

Ala 0.41 0.40 0.41 0.43 

Val 0.59 0.60 0.59 0.57 
Allele  

frequencies 
P-value 0.955 0.528 

 

   1            2            3 
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2.4.2 MnSOD Ala-9Val and AIM 

Classification towards AIM status of patients was done according to AIMS score counts (patients 

with AIMS>1 were considered as having AIM). Missing data points on the AIMS excluded 28 

patients from this sub-analysis. Where data points were missing for the individual categories (age, 

gender, onset age, antipsychotic type, smoking status, SANS and SAPS score and duration of 

illness), patients were also excluded for the calculation of the mean for each category. The AIM+ 

group was found to be in HWE (P=0.0869). The AIM- group, however, showed a significant 

departure from HWE (P = 0.0010). AIM+ patients exhibited a higher Ala/Ala and Val/Val 

genotype, but a less frequent Ala/Val genotype count compared to the AIM- group. The Chi-square 

test indicated that statistically significant differences exist between the genotypes (χ2=9.675, d.f.=2, 

P=0.008), but the allele frequencies (χ 2=0.003, d.f.=1, P=0.955) of the two groups did not show 

similar results. Information on the clinical demographics of the subjects used is shown in Table 6.  

 

 

Table 6: Demographic characteristics of the South African Xhosa schizophrenic patient group 

(patients without the relevant information are excluded). 

 AIM+ AIM- 

Number 54 204 

Age (years) 39.52 +/-11.36 32.72 +/-10.12 

Gender (male:female) 42:12 164:40 

Antipsychotic type (typical:atypical:clozapine:unknown) 43:0:6:5 164:2:18:20 

Smoking status (yes:no:unknown) 34:19:1 148:50:6 

SAPS 4.78 +/-4.56 5.17 +/-4.91 

SANS 9.28 +/-4.90 9.57 +/-4.23 

Onset age (years) 25.16 +/-9.08 23.04 +/-6.42 

Duration of illness (years) 13.66 +/-9.05 9.50 +/-8.27 

 

 

No significant differences were shown to exist between the AIM- and AIM+ groups as far as 

antipsychotic treatment (χ 2=0.786, d.f.=3, P=0.853), smoking status (χ 2=2.562, d.f.=2, P=0.278) 

and gender distribution (χ 2=0.181, d.f.=1, P=0.670) were concerned. The t-tests performed for age 

(P=0.000) and duration of illness (P=0.002) showed statistically significant difference to exist 

between the AIM+ and AIM- groups. SANS scores (P=0.661), SAPS scores (P=0.616) and onset 

age (P=0.057), however, showed no statistically significant difference to exist between the two 

groups. The relationship between AIMS score and genotypes of the AIM+ schizophrenic subgroup 
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was used to perform an ANCOVA. Age was used as covariate (due to the statistically significant 

difference previously shown to exist). No significant differences were observed between the three 

genotypes (F=2.18, d.f.=2, P=0.1234), and no association between AIMS score and genotype could 

therefore be elucidated.  

 

Within the AIM+ group, patients were classified post hoc for TD (n=30) according to Schooler-

Kane criteria. This group was compared to the AIM- group. No significant difference regarding 

SANS and SAPS scores (P=0.367 and P=0.597 respectively), type of antipsychotics (χ 2=2.096, 

d.f.=3, P=0.553), gender (χ 2=0.146, d.f.=1, P=0.703) and smoking (χ 2=3.831, d.f.=2, P=0.147) 

was observed. Yet age (P=0.000), onset age (P=0.009) and duration of illness (P=0.013) differed 

significantly between the two groups. With regard to genotype, a significant differences was 

observed (χ2=9.006, d.f.=2, P=0.011), though not for the allele frequency (χ2=1.966, d.f.=1, 

P=0.161). In addition, MnSOD genotype did seem to influence AIMS scores (F=3.86, d.f.=2, 

P=0.0365) using age and onset age as covariates. A t-test was performed comparing AIMS scores 

between the three genotype classes. The Ala/Ala genotype had significantly lower scores than 

heterozygotes (P=0.0155) or the Val/Val genotype group (P=0.0406). 

 

2.5 Discussion 

2.5.1 MnSOD and schizophrenia 

Oxidative processes may contribute to the pathophysiology of schizophrenia (Mahadik and 

Mukherjee, 1996; Mahadik et al., 2001). While MnSOD is an important enzyme involved in the 

antioxidant pathway, and the Ala-9Val polymorphism affects mitochondrial import efficiency of 

MnSOD (Sutton et al., 2003, 2005), in this study no association could be illustrated between this 

polymorphism and susceptibility to schizophrenia in this Xhosa sample. Our findings are in contrast 

to those of Akyol et al. (2005) in a Turkish population, and in accordance with Zhang et al. (2002a) 

in a Chinese population and with Hori et al. (2000) in a Japanese population (Table 7). Akyol et al. 

(2005) observed a statistically significant difference for the genotype frequencies, with higher 

Ala/Val (69.3%) and lower Ala/Ala (9.2%) and Val/Val (21.6%) genotype frequencies in the 

schizophrenia group compared to the control group (Ala/Val: 42.3%; Ala/Ala: 23.5%; Val/Val: 

34.2%). Other studies in the Chinese and Japanese populations showed somewhat different 

genotype frequencies (Table 7). In our cohort we observed a similar trend to Akyol et al. (2005) 

(Table 7), however, these differences were not statistically significant. The allele frequency in the 

Xhosa population was similar to that of Akyol et al. (2005) (Table 7) and we also did not find a 

significant difference between the allele frequencies of the Xhosa schizophrenia and the healthy 
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control group (Table 5). The Val allele was the more common allele, which is in accordance with 

above-mentioned studies. Heterogeneity, and interpopulation differences in the development of the 

disorder; as well as population stratification (although this is unlikely) could explain the contrasting 

results between Akyol et al. (2005) and our study. In addition, our study cohort may not have been 

large enough to be able to detect a small effect of the Ala-9Val polymorphism on schizophrenia 

development, though it was larger than several other studies shown in Table 7. Another explanation 

may be that Ala-9Val is in linkage disequilibrium with a variant that results in schizophrenia 

development in the Turkish population.  

 

 

Table 7: Genotype and allele frequencies as well as cohort numbers for studies on MnSOD Ala-

9Val and schizophrenia and AIM development. 
  Hori et al. (2000) Zhang et al. (2002a) Akyol et al. (2005) Our findings 

Population Japanese Chinese Turkish Xhosa 

  
Patients 

(n=192) 

Controls 

(n=141) 

Patients 

(n=101) 

Controls 

(n=50) 

Patients 

(n=153) 

Controls 

(n=196) 

Patients 

(n=286) 

Controls 

(n=243) 

Ala/Ala (%) 1.6 1.4 0 0 9.2 23.5 14.3 18.9 

Ala/Val (%) 20.3 19.2 33 34 69.3 42.3 53.5 48.2 

Val/Val (%) 78.1 79.4 67 66 21.6 34.2 32.2 32.9 

Ala 0.12 0.11 0.16 0.17 0.46 0.44 0.41 0.43 

Val  0.88 0.89 0.84 0.83 0.54 0.56 0.59 0.57 

 

 

2.5.2 SANS score and MnSOD 

We did not find an association between SANS or SAPS scores and Ala-9Val genotype. Several 

factors may influence negative symptom severity. These include age, diet, smoking status, duration 

of untreated psychosis, type of medication treated with, and age of onset. Samples were not 

matched according to these factors and this could have influenced results. Smoking has been 

suggested to exacerbate oxidative damage (Morrow et al., 1995). Yet, some studies did not find an 

association between smoking status and a decrease in antioxidant compounds (Yao et al., 1998a, 

1998b; Reddy et al., 2003), or increase in lipid peroxidation product levels (Akyol et al., 2002) in 

schizophrenic patients. Diet may also influence the antioxidant defence system. For example, 

supplementing schizophrenic patients with essential polyunsaturated fatty acids and/or antioxidant 
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compounds in their diet, impacted on outcome of schizophrenia in some studies (reviewed in 

Mahadik et al., 2001; Arvindakshan et al., 2003b). Hence any differences in diet between patients 

may have affected negative symptom severity. In this study, patients were mainly treated with 

typical antipsychotics (typical: 81%; atypical and clozapine: 10%; unknown or refusing medication: 

9%). The frequent use of typical antipsychotics can be expected as access to newer generation 

antipsychotics were still very limited at the time of recruitment for this study. A very small 

percentage thus received newer generation atypical antipsychotics (0.7%). A relationship was also 

not found between SANS score and genotype when the group receiving only typical antipsychotics 

was analyzed (r=-0.094, P=0.155). In this study a correlation was observed between onset age and 

SANS score (r=-0.124, P=0.04), therefore potentially affecting our results. The duration of 

untreated psychosis was, however, not examined, and differences here may well have influenced 

results regarding negative symptoms and genotype. In addition to the factors mentioned that may 

have influenced the results of this study, population differences and a heterogeneous mechanism for 

negative symptoms and schizophrenia development may further explain the non-association of Ala-

9Val and SANS scores. Furthermore, our study cohort may not have been large enough to be able to 

detect a small effect of Ala-9Val on negative symptom severity.  

 

2.5.3 MnSOD and AIM 

Apart from the role of oxidative processes in the development of schizophrenia, an oxidative role in 

TD development has also been suggested (Cadet and Kahler, 1994; Sachdev, 2000). We did find a 

significant difference for the genotype frequencies between the AIM+ and AIM- groups, yet no 

significant difference for the allele frequencies between the AIM+ and AIM- groups was found. The 

two groups did not differ significantly in terms of antipsychotic type, onset age, smoking status, 

SANS and SAPS score and gender distribution. A difference regarding age and duration of illness, 

with the AIM+ group being older and duration of illness being longer, was observed in this study. 

While drug dosage is also an important factor to look at in conjunction with AIM, equivalency 

calculations would likely be inaccurate as patients were receiving a range of typical depot 

injections, oral medication, or a combination of the two. Age was included as a covariate in the 

ANCOVA, when looking at genotype and AIMS score (duration of illness was not included since it 

directly correlates with age). However, no association was found. Hori et al. (2000) also observed a 

significant difference for the Ala-9Val genotype between Japanese schizophrenic patients with and 

without TD. In addition, the allele frequencies differed significantly between the two groups in that 

study, with the -9Val allele being more common in the TD schizophrenic group. There was also a 

non-significant trend for the Val/Val genotype group to have higher AIMS scores. In contrast, 
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Zhang et al. (2002a) did not find a significant difference for genotype or allele frequencies between 

a Chinese schizophrenic TD and nonTD group nor an association with AIMS score. However, they 

did observe a positive correlation between plasma MnSOD activity and AIMS score. Akyol et al. 

(2005) also did not confirm an association between MnSOD Ala-9Val and TD development. The 

advantage of our study was the use of structured assessment tools in a relatively homogenous 

(schizophrenia) clinical population. Nevertheless, our study criteria for involuntary movement are 

inclusive and clearly not limited to TD. This could account for some of the differences in findings. 

We therefore performed a post hoc analysis of patients in the AIM+ group who could be classified 

as having TD (TD+) according to the criteria of Schooler and Kane. Like the AIM+ group, no 

significant difference for gender, SANS scores, SAPS scores, smoking and antipsychotic type were 

observed between the TD+ and the AIM- group. Age as well as duration of illness did however 

differ between the two groups, as had also been noted when comparing AIM+ and AIM-. Where 

onset age had not shown a significant difference between the AIM+ and the AIM- group, it did 

differ when comparing TD+ and AIM-. It was therefore also included as a covariate for the 

ANCOVA together with age (once again duration of illness was not used as covariate due to its 

correlation with both age and onset age). In contrast to the AIM+ group, the TD+ group did show a 

relationship between genotype and AIMS score. The Ala/Ala genotype showed a protective effect 

in that patients had lower AIMS scores in this group compared to the other two genotype groups. 

This is in accordance with the nonsignificant trend between Val/Val genotype and higher AIMS 

scores noted by Hori et al. (2000). The protective effect of Ala/Ala on TD severity may be due to 

too little mitochondrial MnSOD content in patients with the Ala/Val or Val/Val genotype. Results 

for the genotype and allele frequencies, when comparing TD+ and AIM-, were similar to what we 

had observed earlier for the AIM+ and AIM- group, with a significant difference being observed for 

genotype only.  

 

A significant difference between the genotypes of the AIM+ as well as TD+ and AIM- group (Table 

5) was found in this study. From a subsequent analysis we could deduce that Xhosa schizophrenic 

patients who had at least one Val allele were less likely to have AIM (P=0.0155) or TD 

(P=0.0249). From our data, the presence of the –9Val allele could be suggested to protect against 

the development of AIM as well as TD. This would be in accordance with other studies that found 

the Ala allele to be associated with for example Parkinson’s disease (Shimoda-Matsubayashi et al., 

1996), macular degeneration (Kimura et al., 2000) and motor neuron disease (Van Landeghem et 

al., 1999). They suggested that since the Ala allele results in more efficient transport of MnSOD 

into the mitochondria, this would result in more production of H2O2, which can result in ROS-

induced cell damage. However this is in contrast to the theory proposed by Hori et al. (2000) on 
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Ala-9Val and TD development, where the Val allele is considered to result in less MnSOD content 

in the mitochondria, and hence inefficient protection against ROS. It is interesting to note that the 

Ala/Ala genotype seemed to decrease the severity of TD (in terms of total AIMS score) in our TD+ 

group, however, the presence of at least one Val allele showed a protective effect in the 

development of AIM or TD in the AIM+ and TD+ group. These seemingly contradictory results 

may be due to the complexity of the enzymatic antioxidant defence system. MnSOD may remove 

and at the same time produce ROS. Antioxidant enzymes downstream of MnSOD may therefore 

play a role in combination with MnSOD in determining TD development as well as severity. 

 

2.5.4 Limitations and future perspectives 

Importantly, schizophrenia is a complex disorder, and it is more likely that its pathophysiology 

involves more subtle effects and the interaction of several genetic variants in different genes as well 

as the environment and, possibly, even epigenetic factors, as has been suggested by Sullivan (2005) 

and Sharma (2005). The same approach should be applied in the genetic analysis of AIM/TD 

development, considering for example the finding of a small interactive effect of DRD3 Ser9Gly 

and MnSOD Ala-9Val in the development of TD (Zhang et al., 2003b). Hence, the sample number 

(schizophrenic group: n=286; control group: n=243; AIM+: n=54; AIM-: n=204) in this study may 

still have been insufficient (even though it is comparable to other studies shown in Table 7) to be 

able to observe the effects of only a single polymorphism, Ala-9Val, on AIM development and 

severity, schizophrenia development, as well as negative symptom severity (Sullivan, 2005). The 

fact that we did find a relationship between AIMS score and MnSOD genotype for the TD+ group, 

which had not been observed for the AIM+ group, emphasizes the importance of strict TD 

classification.  

 

MnSOD works in combination with other enzymes, CAT and GSHPx, to protect against ROS. 

H2O2, which is produced by MnSOD, can form .OH in the presence of transition metal ions. CAT 

and GSHPx are responsible for the removal of H2O2 to form H2O and therefore prevent H2O2 

forming ROS (Chance et al., 1979). For that reason it is vital that a balance exists between these 

enzymes, to ensure that intermediate products are not converted to ROS. The possibility exists that 

genetic variants located in CAT or GSHPx may individually, or in combination with MnSOD`s Ala-

9Val polymorphism, influence schizophrenia or AIM/TD development and/or severity of 

symptoms. This study did not focus on CAT or GSHPx and further studies are warranted. 

Furthermore other genetic variants located in the coding or regulatory regions of MnSOD were not 

screened in this study. Changes in MnSOD expression may compromise the antioxidant defence 
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system. Hence, genetic variants located in the promoter and/or regulatory region, as well as 

epigenetic factors, may affect MnSOD expression, and will need to be investigated in the future for 

their possible function in schizophrenia or AIM/TD development and symptom severity. The fact 

that, in contrast to Akyol et al. (2005), we did not find an association between Ala-9Val and 

schizophrenia development, again demonstrates the importance of replicating studies in different 

populations. 

 

2.6 Conclusion 
In conclusion, our study does not support a major role of MnSOD in schizophrenia or symptom 

severity, but suggests a possible role in AIM development as well as the development of TD, with 

the Ala/Val genotype and the presence of at least one Val allele seemingly having a protective role. 

This supports the theory that the presence of the Ala allele may result in excess H2O2 production 

and ultimately ROS damage to the cell. In contrast, the Ala/Ala genotype seems to result in less 

severe TD, supporting the notion that higher mitochondrial MnSOD content and hence ROS 

removal may lessen the severity of TD. Further association studies on other genetic variants 

downstream of the antioxidant pathway combined with MnSOD may give more insight on the 

mechanism of ROS damage and TD.  
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Chapter Three 

 

Association between the DRD3 Ser9Gly polymorphism and 

abnormal involuntary movement development in a Xhosa 

population 

 
3.1 Abstract 
No hypotheses exist that could explain the development of abnormal involuntary movements (AIM) 

in general. But for several disorders such as tardive dyskinesia (TD), which show AIM as a 

symptom, hypotheses do exist. Based on the dopamine supersensitivity hypothesis of TD, genetic 

variants in the dopamine receptors have been investigated in the development of this disorder. 

Previous studies have implicated the DRD3 Ser9Gly polymorphism in the development of TD in 

various population groups. However, these studies have not extended to African populations. This 

study aimed at investigating the role of Ser9Gly in the development of AIM in a Xhosa 

schizophrenia population, and also aimed at comparing the allele and genotype frequencies 

observed in this population to those of other populations described in the literature. A possible 

interactive effect between MnSOD Ala-9Val and DRD3 Ser9Gly in the development of AIM was 

also investigated. Schizophrenia patients with AIM (n=55) as well as without AIM (n=68) were 

genotyped for Ser9Gly using restriction enzyme analysis. Subsequently, genotype and allele 

frequencies were compared, as well as an association between AIMS score and genotype 

investigated. The interactive effect between Ala-9Val and Ser9Gly in the development of AIM was 

determined using chi square analysis and ANOVA. The genotype and allele frequencies compared 

to those of the African American population (higher Gly allele frequency), but differed to those of 

other populations (higher Ser allele frequency). No significant difference between genotype or 

allele frequency (P=0.252 and P=0.240 respectively) was observed for the two patient groups. In 

addition, no association between AIMS score and Ser9Gly genotype was found, nor could an 

interactive effect between Ala-9Val and Ser9Gly in the development of AIM be determined. A 

subgroup of the group with AIM with TD (n=27) was also analysed and compared with the group 

without AIM and also analysed for possible interactive effects by Ser9Gly and Ala-9Val. The 

results were similar to the group with AIM. This study does not support a role of the Ser9Gly 

polymorphism in the development or severity of AIM or TD in a Xhosa schizophrenia population, 

nor does it support a relationship between MnSOD Ala-9Val and DRD3 Ser9Gly in the 
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development of either disorder. Possible interactions of this polymorphism with other genetic 

variants in the development of AIM/TD, however, cannot be excluded. 

 

3.2 Introduction 
Little is known about the exact pathophysiology of abnormal involuntary movements (AIM) and no 

hypotheses exist. Tardive dyskinesia (TD), which shows AIM as a symptom, has been studied more 

extensively and several hypotheses exist for this disorder (Basile et al., 2002; Casey, 2004). The 

reader is referred to section 1.3 for more information regarding the diagnosis, symptoms, 

prevalence, risk factors and genetic basis of TD. One of the hypotheses that may explain TD 

development is that of dopamine supersensitivity, and suggests that due to chronic antipsychotic 

treatment (mainly dopamine antagonists), dopamine receptors will become supersensitive towards 

dopamine and result in TD (Klawans and Rubovits, 1972). Hence, the dopamine receptors have 

long been investigated for their possible role in TD development, yet, results have varied (Basile et 

al., 1999; Segman et al., 1999, 2003; Srivastava et al., 2005). Of all the dopamine receptors 

investigated, the dopamine D3 receptor (DRD3) Ser9Gly variant has most consistently been 

associated with the development of TD, as well as with increased abnormal involuntary movements 

scale (AIMS) scores (summarized in Table 8).  

 

For more information regarding DRD3 (OMIM number: *126451) and its gene please see section 

1.3.8.1. As mentioned in that section DRD3 Ser9Gly results in a functional change in that Gly 

homozygotes have a higher dopamine binding affinity compared to Ser homozygotes and 

heterozygotes (Lundstrom and Turpin, 1996). Most studies, including meta-analyses, on TD 

development and severity and Ser9Gly do show an association, generally with the Gly allele (See 

Table 8). The effect of this gene on TD development seems to be small, with other variants and 

environmental factors probably also playing a role (Lerer et al., 2002). The pathophysiology of TD 

or AIM is complex and most likely involves several genetic variants in different genes. Some 

studies have focused on possible interactions between certain genetic variants and the development 

of TD (See Table 8). Importantly, Zhang et al. (2003b) observed an interactive effect of MnSOD 

Ala-9Val polymorphism and DRD3 Ser9Gly.  

 

A difference in Ser9Gly frequency specifically between African Americans and other ethnicities, as 

well as ethnic differences in vulnerability to TD was previously noted by Lerer et al. (2002). Hence 

it is important to replicate studies in different populations. So far the Ser9Gly variant and its role in 

TD development has only been investigated in Caucasian, Chinese, Jewish, African American and 
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Table 8: Association studies of TD and DRD3 Ser9Gly. 

Gene Polymorphism Author 
Number of 
subjects (ethnic 
origin) 

Results 

DRD3 Ser9Gly Woo et al. (2002) 113 (Korean) 
Significant association between 
Gly/Gly genotype & TD, but not 
with Ser9Gly alleles or AIMS score 

DRD3 Ser9Gly Garcia-Barcelo et al. (2001) 131 (Chinese) No association 

DRD3 Ser9Gly Segman et al. (1999) 233 (Ashkenazi Jews, 
non-Ashkenazi Jews) 

Significant association between 
Gly allele & TD 

DRD3 Ser9Gly Liao et al. (2001) 115 (Chinese) Significant association between 
heterozygotes & TD 

DRD3 Ser9Gly Rietschel et al. (2000) 157 (German, Caucasian) No association 

DRD3 Ser9Gly Steen et al. (1997) 100 (Scottish, Caucasian) Significant association between 
Gly homozygotes & TD 

DRD3 Ser9Gly Basile et al. (1999) 112 (Caucasian, African 
American, Asian) 

Significant association between: 
Gly allele & TD, & also between 
Gly homozygotes & AIMS scores 

DRD3 Ser9Gly Chong et al. (2003b) 317 (Chinese) Significant association between 
DRD3 Ser/Ser genotype & TD 

DRD3 Ser9Gly Inada et al. (1997) 105 (Japanese) No association 

DRD3 Ser9Gly De Leon et al. (2005) 516 (American) Significant association between 
severe TD & DRD3 Ser9Gly 

MnSOD 
 
DRD3 

Ala-9Val 
 
Ser9Gly 

Zhang et al. (2003b) 101 (Chinese) Significant association of both 
variants combined with TD 

DRD3 
 
HTR2C 

Ser9Gly 
 
Cys68Ser 

Segman et al. (2000) 212 (Ashkenazi Jews,  
non-Ashkenazi Jews) 

Significant association between 
HTR2C together with DRD3 & TD 

DRD3 
 
CYP-17 

Ser9Gly 
 
Promoter  T C 
polymorphism 

Segman et al. (2002a) 113 (Ashkenazi Jews, 
non-Ashkenazi Jews) 

Significant association between 
A2-A2 genotype together with 
DRD3 Gly allele & susceptibility to 
abnormal orofacial distal 
involuntary movements & be 
incapacitated by these movements 

DRD3 
(meta-
analysis) 

Ser9Gly Bakker et al. (2006) 1610 (various) 
Significant association between 
DRD3 Gly allele & TD; however 
possible publication bias 

DRD3 
(meta-
analysis) 

Ser9Gly Lerer et al. (2002) 

780 (Caucasian, African 
American, German, 
Israeli Ashkenazi & non-
Ashkenazi Jews, 
Austrian) 

Significant association between 
DRD3 Gly allele carrier & TD, & 
also between DRD3 genotype & 
TD; significant association between 
Gly homozygotes & AIMS scores 

 

 

Indian populations, but not yet in African populations (Table 8). For this reason we wanted to 

investigate the role that the DRD3 Ser9Gly polymorphism plays in the development and severity of 

abnormal involuntary movements (AIM) and TD in the unique South African Xhosa population and 

compare the allele and genotype frequencies observed to those reported in the literature. Since 

Zhang et al. (2003b) had found an interactive effect between MnSOD Ala-9Val and DRD3 Ser9Gly, 

we further wanted to investigate this potential relationship in the development of AIM and TD in 

the Xhosa schizophrenia population. 
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3.3 Materials and Methods 

3.3.1 Clinical 

3.3.1.1 Patient population 

The patient population was the same as described in Chapter Two. Briefly, patients were recruited 

from the Western Cape Province of South Africa, were diagnosed according to the DSM-IV criteria 

(APA, 1994) and were of Xhosa origin. Informed, written consent was obtained from the patient or 

when appropriate their caregivers, and the study was approved by the ethics committee of 

Stellenbosch University. 

 

3.3.1.2 Assessment  

Please see Chapter Two for a more detailed description of the assessment tools used. Patients were 

interviewed according to the standardized Diagnostic Interview for Genetic Studies version 2.0 

[DIGS] (Nurnberger et al., 1994) and AIM determined using AIMS (Guy, 1976). 

 

3.3.2 Laboratory 

3.3.2.1 Genotyping 

The genotyping protocol was adapted from Segman et al. (1999). Primers specifically amplified 

DRD3’s exon 2 and hence the Ser9Gly variant (Forward primer: 5’-

GCTCTATCTCCAACTCTCACA-3’; Reverse primer: 5’-AAGTCTACTCACCTCCAGGTA-3’). 

Amplification occurred in a total volume of 25 μl, containing 25 ng genomic DNA, 0.5 U BiotaqTM 

DNA polymerase (Bioline, Canton, MA, USA), 3 mM MgCl2 (Bioline, Canton, MA, USA), 1X 

NH4 buffer (Bioline, Canton, MA, USA), 0.3 μM of each primer, 0.1 mM of each dNTP 

(Fermentas, Ontario, Canada), with a GeneAmp PCR System 2700 (Perkin Elmer, Applied 

Biosystems, Warrington WA, Great Britain). PCR conditions were as follows: 94°C for 5 minutes, 

followed by 35 cycles of denaturation at 94°C for 30 seconds, annealing at 57°C for 30 seconds, 

and elongation at 72°C for 45 seconds, with a final elongation step at 72°C for 7 minutes. 

Successful amplification was monitored by electrophoresis of the PCR product on a 1.5% (w/v) 

agarose gel, stained with ethidium bromide (0.01%; v/v), followed by UV light visualisation of the 

463 bp long amplicon. Samples were tested for the Ser9Gly variant using restriction endonuclease 

analysis. PCR product was cut with MscI at 37°C overnight whereafter the enzyme was deactivated 

at 65°C for 30 seconds. Genotypes were then visualised on a 2% (w/v) agarose gel stained with 
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ethidium bromide (0.01%; v/v). Gly homozygotes resulted in the presence of 207 bp, 111 bp, 98 bp, 

and 47 bp bands, while Ser homozygotes showed 305 bp, 111 bp and 47 bp bands. The 111 bp and 

98 bp band migrated as one on a 2% (w/v) agarose gel. Samples of which the DNA sequence had 

been determined, served as controls to enable accurate scoring of the genotypes from the agarose 

gels. Addendum A and B give a detailed description of DNA extraction and the genotyping method 

used. 

 

3.3.3 Statistical analysis 

The genotype and allele frequencies of the AIM+ and AIM- group were calculated and then tested 

for departure from Hardy-Weinberg equilibrium (HWE) using a chi-square-goodness-of-fit-test 

with Tools for Population Genetic Analysis (TFPGA) version 1.3 (Miller, 1997). Patients were 

considered to have AIM if their AIMS score was above one. Classification according to AIMS 

score may be broader and more inclusive than accepted TD criteria such as those by Schooler and 

Kane (1982). This, on the other hand, means that the criteria used in this study are less stringent and 

may include movements that would not necessarily lead to functional impairment. This study had to 

consider the structure and availability of resources within South Africa. Since the majority of 

mental health treatment is conducted under the care of nursing personnel within a community 

setting, the criteria used are within the abilities and scope of the available health resources. 

Nonetheless, patients within the AIM+ group were classified post hoc for TD according to the 

criteria of Schooler and Kane (1982) and analysed.  

 

Allele and genotype frequencies between the AIM+ and AIM- group were compared using an 

analog of a Fisher’s exact test on a contingency table (2X2 or 2X3 as appropriate) with Excel. The 

data was tested for normality using the Kolmogorov-Smirnov test and normality plots. The two 

groups were then compared in regard to gender, antipsychotic drug type and smoking status by 

making use of an analog to Fisher’s exact test (on a contingency table) with Excel. Subsequent 

statistical analyses were executed using the Statistical Package for the Social Sciences (SPSS Inc., 

Chicago IL) version 14 for Windows. Possible differences in age, duration of illness, onset age, 

SAPS and SANS score between the two groups were determined via t-test. To evaluate the 

relationship between AIMS score and genotype in the AIM+ group analysis of covariance 

(ANCOVA) was performed, with age and onset age as covariates. This analysis was performed 

using SAS software version 9.1. Copyright, SAS Institute Inc. SAS and all other SAS Institute Inc. 

product or service names are registered trademarks or trademarks of SAS Institute Inc., Cary, NC, 

USA. The same analyses as for the AIM+ group were conducted for the TD+ group (n=27).  
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A possible interactive effect between MnSOD Ala-9Val (data was obtained from previous study, see 

Chapter Two) and DRD3 Ser9Gly was determined using a χ2 test as described by Zhang et al. 

(2003b) using either the Val allele or the Ala allele as “high risk” allele combined with the Gly/Gly 

“high risk” genotype (Analysis shown in Addendum C). This interaction was further investigated 

using ANOVA, by testing the combined effect of the two variants on AIMS score. Once again this 

analysis was performed using SAS software version 9.1. Copyright, SAS Institute Inc. SAS and all 

other SAS Institute Inc. product or service names are registered trademarks or trademarks of SAS 

Institute Inc., Cary, NC, USA. 

 

3.4 Results 
Samples were genotyped for the DRD3 Ser9Gly polymorphism as can be seen in Figure 4. In this 

study we compared the Ser9Gly genotype and allele frequency between Xhosa schizophrenia 

patients that were subdivided into the AIM+ (n=55) and AIM- (n=68) groups (Table 9). Both the 

AIM+ and AIM- group were found to be in HWE (P=0.175 and P=0.947). The demographics of 

either group are shown in Table 10. The groups did not differ significantly in terms of antipsychotic 

type (χ2=0.436, d.f.=3, P=0.933), smoking (χ2=4.576, d.f.=2, P=0.101), gender (χ2=1.047, d.f.=1, 

P=0.306) and SAPS (P=0.245) and SANS score (P=0.887). Age (P=0.000), onset age (P=0.027) 

and duration of illness (P=0.000), however, differed significantly between the two groups. 

Genotype and allele frequency comparisons between AIM+ and AIM- did not show any significant 

difference (χ2=2.757, d.f.=2, P=0.252; and χ2=1.378, d.f.=1, P=0.240). In addition, no association  

 

 

 
 

Figure 4: A 2% (w/v) agarose gel stained with ethidium bromide (0.01%; v/v), showing the 

different genotypes for DRD3 Ser9Gly. The Ladder shown in lane 1 is O’Generuler 100 bp DNA 

ladder (Fermentas, Ontario, Canada). The sample in Lane 2 is homozygous for the Ser allele, 

samples in lane 3 and 4 are homozygous for the Gly allele, and the sample in lane 5 is heterozygous 

for Ser9Gly. 
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Table 9: DRD3 Ser9Gly genotype and allele frequencies of AIM+ and AIM-. 

 Ser/Ser Ser/Gly Gly/Gly Ser Gly 

AIM+ (n=55) 0 17 38 0.155 0.845 

AIM- (n=68) 3 23 42 0.213 0.787 

 P =0.252 P =0.240 

 

 

between AIMS score and genotype was found (F=0.27, d.f.=1, P=0.6074), using age and onset age 

as covariates (duration of illness was not included since it directly correlates with age and onset 

age). When comparing the TD+ (n=27) with the AIM- group similar results were observed. Once 

again groups only differed in terms of duration of illness (P=0.004), onset age (P=0.001) and age 

(P=0.000). Genotype (χ2=1.469, d.f.=2, P=0.480) and allele frequencies (χ2=0.021, d.f.=1, P=0.884) 

were not significantly different between the TD+ and AIM- group. Furthermore no association was 

found between the AIMS score and genotype (F=0.45, d.f.=1, P=0.5118) within the TD+ group. 

 

 

Table 10: Demographics of AIM+ and AIM-. 

 AIM+ AIM- 

Number 55 68 

Age (years) 41.91±11.560 30.97±9.146 

Gender (male:female) 43:12 58:10 

Antipsychotic type (typical:atypical:clozapine:unknown) 44:0:4:7 51:0:6:11 

Smoking (yes:no:unknown) 40:15:0 52:12:4 

SANS 7.93±4.674 8.05±4.474 

SAPS 6.44±5.747 7.59±4.793 

Duration of illness (years) 16.02±10.803 8.48±8.099 

 

 

When the relationship between MnSOD Ala-9Val and DRD3 Ser9Gly and the development of AIM 

was investigated, no significant interaction was observed when the Gly/Gly “high risk” genotype 

was combined with either the Ala allele (P=0.458 and P=0.603) or the Val allele (P=0.067 and 

P=0.589) (See Addendum C), depending on what is considered to be the “high risk” allele in the 

MnSOD gene (See section 2.5.3). The same applied for the combined effect of the variants on TD 

development (“high risk” Ala allele: P=0.351 and P=1.000; “high risk” Val allele: P=0.062 and 



 

 

55

P=0.336) (See Addendum C). When an ANOVA was performed to investigate the interactive effect 

of the two variants on AIMS score, once again, no significant relationship was observed in the 

AIM+ (P=0.9819) nor in the TD+ group (P=0.5865). 

 

3.5 Discussion 
This study investigated the role of the DRD3 Ser9Gly variant and its role in the development of 

AIM in a Xhosa schizophrenia population. The two groups, AIM+ and AIM-, did not differ 

significantly for gender, antipsychotic type, smoking status, SAPS and SANS score, but differed in 

terms of age, onset age and duration of illness (age and onset age included as covariates in 

ANCOVA). The AIM+ group was generally older, had a later onset age and a longer duration of 

illness than the AIM- group. This is in accordance with the finding that age and indirectly duration 

of illness (schizophrenia has a certain onset age and therefore high age means long duration of 

illness) are risk factors for TD (Kane and Smith, 1982; Sachdev, 2000). Antipsychotic dosage is an 

important factor to consider in association studies on TD, since it is a known risk factor for TD 

(Jeste et al., 1995; Kapitany et al., 1998). However, patients in this cohort received a variety of 

typical depot injections, oral medication, or a combination of the two and thus equivalency 

calculations would have been inaccurate.  

 

Similar results were obtained for the TD+ group compared to the AIM+ group. The TD+ group also 

was significantly older, had a later onset age and longer duration of illness than the AIM- group. 

Furthermore, genotype and allele frequencies were not significantly different between the TD+ and 

AIM- group, and no association was observed between AIMS scores and genotype. 

 

Previous studies mainly found an association with the Gly allele or Gly homozygotes and TD 

development and/or TD severity (Table 8) in various populations including African Americans 

(Basile et al., 1999). However, Inada et al. (1997), Rietschel et al. (2000), and Garcia-Barcelo et al. 

(2001) did not confirm this association in a Japanese, German and Chinese population respectively. 

Our study also could not confirm an association between Ser9Gly (genotype or allele) and AIM or 

TD development nor its severity in a Xhosa population.  

 

While our study cohort was relatively homogenous regarding ethnicity, our study criteria for 

involuntary movement not only includes patients who have TD but also those which may not 

develop TD though having AIM. This therefore could explain the differences in findings. Yet, we 

did perform a post hoc TD classification according to Schooler Kane criteria (Schooler and Kane, 

1982) and when this subgroup was analysed, results did not change. 
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Ethnic differences have been noted in the frequency of Ser9Gly, with the Gly allele the more 

common allele in African Americans compared to the Caucasian population (Basile et al., 1999). 

This was also the case in this study in the Xhosa population with the Gly allele frequency 

significantly greater compared to other populations (See Table 11). Lerer et al. (2002) also noted 

ethnic differences in vulnerability to TD, and hence our finding that Ser9Gly does not play a role in 

AIM or TD, may well not apply to other populations. It must also be noted that our population size 

was probably not adequate in detecting small effects of the variant, however, it compares to several 

other previous association studies done on DRD3 Ser9Gly (Table 8 and Table 11). 

 

The interactive effect of MnSOD Ala-9Val and DRD3 Ser9Gly on TD or AIM development in a 

Xhosa schizophrenia population was also investigated in this study. However, no significant 

relationship was observed. This is in contrast to Zhang et al. (2003b) who did find a relationship 

between the Gly allele together with the Val/Val genotype in a Chinese population. Once again 

different ethnic groups may vary in regard to genetic risk factors in the development of TD or AIM 

and this could possibly explain the difference in findings, while a small study cohort may mean that 

small effects of the genetic variant(s) may not be detectable. In addition, a range of other genetic 

variants may contribute to the development of TD or AIM. Other variants that have been 

investigated in combination with DRD3 Ser9Gly and were found to have an interactive effect on 

TD development are cytochrome P450 17α-hydroxylase (CYP-17) (may indirectly affect dopamine 

levels in the brain) polymorphism (Segman et al., 2002a), as well as HTR2C Cys68Ser which may 

affect the serotonin receptor’s binding affinity (Segman et al., 2000). 

 

3.6 Conclusion 
In conclusion, the Xhosa population clearly had a much greater Gly allele frequency than other 

populations (not of African descent). No significant association was observed between DRD3 

Ser9Gly variant and the development or severity of AIM or TD in a schizophrenic Xhosa 

population. Furthermore, no interactive effect between this variant and MnSOD Ala-9Val in the 

development of TD or AIM was observed. It remains to be investigated whether this genetic variant 

in combination with other variants may contribute to TD development and/or severity in this unique 

Xhosa population. 

 

 

 



 

 

 

 

 

                                                 
1 Total of AIM+ and AIM- group, AIM+ is not shown in this table. 2Total of TD+ and TD- group. 

  This study Basile et al. (1999) Steen et al. (1997) Chong et al. (2003) Garcia-Barceló et 
al. (2001) 

Liao et al. 
(2001) 

Inada et al. 
(1997) 

Woo et al. 
(2002) 

Segman et al. 
(1999) 

Population Xhosa African 
American Caucasian Caucasian Chinese Chinese Chinese Japanese Korean Askenazi and non-

Ashkenazi Jews 

AIM-/TD- n=68     n=49 n=200 n=66 n=94 n=56 n=54 n=63 

Ser/Ser (%) 4.4   57.1 44.5 63.6 58.5 58.9 38.9 46.0 

Ser/Gly (%) 33.8   38.8 44.0 27.3 30.9 33.9 61.1 46.0 

Gly/Gly (%) 61.8   4.1 11.5 9.1 10.6 7.1 0.0 8.0 

Ser  0.21   0.77 0.66 0.77 0.74 0.76 0.69 0.69 

Gly  0.79   0.23 0.34 0.23 0.26 0.24 0.31 0.31 

TD+ n=27     n=51 n=117 n=65 n=21 n=49 n=59 n=53 

Ser/Ser (%) 0.0   45.1 51.3 55.4 28.6 51.0 42.4 24.5 

Ser/Gly (%) 40.7   33.3 39.3 35.4 66.7 34.7 47.5 69.8 

Gly/Gly (%) 59.3   21.6 9.4 9.2 4.8 14.3 10.0 5.7 

Ser 0.20   0.62 0.71 0.73 0.62 0.68 0.66 0.59 

Gly 0.80   0.38 0.29 0.27 0.38 0.32 0.34 0.41 

Total group2 n=1231 n=25 n=85 n=100 n=317 n=131 n=115 n=105 n=113 n=116 

Ser/Ser (%) 2.4 0.0 38.8 51.0 47.0 59.5 53.0 55.2 40.7 36.2 

Ser/Gly (%) 32.5 36.0 50.6 36.0 42.3 31.3 37.4 34.3 54.0 56.9 

Gly/Gly (%) 65.0 64.0 10.6 13.0 10.7 9.2 9.6 10.5 5.3 6.9 

Ser 0.19 0.18 0.64 0.69 0.68 0.75 0.72 0.72 0.68 0.65 

Gly 0.81 0.82 0.36 0.31 0.32 0.25 0.28 0.28 0.32 0.35 

Table 11: DRD3 Ser9Gly allele and genotype frequencies of various populations (TD association studies). 
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Chapter Four 

 

Abnormal involuntary movement development and the role of 

CYP2D6*4, CYP2D6*10 and CYP2D6*17 in a Xhosa 

schizophrenia population 

 
4.1 Abstract 
Drug metabolising enzymes have been implicated in the development of tardive dyskinesia. 

Specifically CYP2D6 genetic variants have been investigated in this regard in various population 

groups. This study aimed at determining the association between CYP2D6*4, CYP2D6*10 and 

CYP2D6*17 and abnormal involuntary movements (AIM) or tardive dyskinesia (TD) development 

in a Xhosa schizophrenia population. Different methodological approaches were attempted in this 

study with only partial success, which meant the relationship between the CYP2D6 variants and 

AIM or TD could not be investigated. Possible reasons for the lack of results obtained and future 

recommendations for the genotyping of CYP2D6 are discussed. 

 

4.2 Introduction 
Once again the reader is referred to section 1.3 for information regarding the diagnosis, symptoms, 

prevalence, risk factors, genetics, and hypotheses of tardive dyskinesia (TD). A higher antipsychotic 

dosage may result in TD development (see section 1.3.8.3), and therefore genetic variants in drug 

metabolising enzymes have been investigated for their potential role in the development and 

severity of this disorder (Table 12). CYP2D6 (OMIM number: +124030) is one of the major drug 

metabolising enzymes that have been investigated in this regard. More information regarding the 

function, location, and gene of this enzyme, as well as its involvement in TD is given in section 

1.3.8.3. Briefly, genetic variants in CYP2D6 may result in either of four phenotypes: extensive 

metaboliser (EM), intermediate metaboliser (IM), poor metaboliser (PM) and ultrarapid metaboliser 

(UM). Duplications of CYP2D6 result in the UM phenotype and low plasma drug levels (Bertilsson 

et al., 1993; Zanger et al., 2004). Homozygotes for a null allele (genetic variant(s) resulting in 

inactive gene product) develop the PM phenotype. Individuals heterozygous for a null allele or 

homozygous for a reduced function allele generally show the IM phenotype (Kirchheiner et al. 

2004, Zanger et al., 2004). EMs are considered to have “normal” CYP2D6 activity (Kirchheiner et 

al., 2004). 
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In general, no single polymorphism has been associated with TD development (Table 12), though, 

the PM phenotype or the presence of at least one null allele was associated with the development of 

the disorder. However, results have been inconclusive.  

 

The role of CYP2D6 alleles in the development of TD has been investigated in various populations, 

but very few studies have focused on African populations. Yet it is known that the frequencies of 

the CYP2D6 alleles differ between populations. For example, CYP2D6*17 is mainly found in 

African populations, while CYP2D6*10 is predominantly observed in the Chinese population (Xie 

et al., 2001). Hence it is important to investigate the effects of the population specific genetic 

variants in the appropriate population. This study, therefore, investigated the role of CYP2D6*4  

 

 

Table 12: Association studies between CYP2D6 genetic variants and TD development. 

Gene Polymorphism Author Number of subjects 
(ethnic origin) Results 

CYP2D61 *2 Ohmori et al. (1999) 99 (Japanese) No association 

CYP2D61 A, B 
 (*3 *4) Arthur et al. (1995) 16 (Swedish, Caucasian) 

No association between 
genotype & TD; but possible 
association between PM & 
AIMS score 

CYP2D61 *3 *4 Jaanson et al. 
(2002) 52 (Estonian, Russian) 

Significant association 
between at least one PM 
allele & TD 

CYP2D61 *3 *4 *5 Kapitany et al. 
(1998) 45 (Austrian, Caucasian) Significant association 

between heterozygotes & TD 

CYP2D61 A, B, D 
(*3 *4 *5) 

Armstrong et al. 
(1997) 76 (Caucasian, Asian) Non-significant trend 

between PM & TD 

CYP2D61 *3 *4 *10 Ohmori et al. (1998) 100 (Japanese) 

Significant association 
between *10 & AIMS; 
modest association between 
*10 & TD 

CYP2D61 *10 (C188T) Liou et al. (2004) 216 (Chinese) 

Modest association between 
C100T & TD (especially in 
males); also between AIMS 
scores & C100T 

CYP2D61 *1*3 *4 *5 *6 *7 Andreassen et al. 
(1997) 100 (Scottish, Caucasian) Non-significant tendency 

between PM & TD 
CYP2D61 *2 *3 *4 *10 *12 Inada et al. (2003) 516 (Japanese) No association 

CYP2D61 
*1 *2 *3 *4 *5 *6 *7 *8 *9 *10 
*11 *14 *18 *19 *25 *26 *31 
*36 *41 

Nikoloff et al. 
(2002) 202 (Korean) 

Significant association 
between males with at least 
one decreased or loss of 
function allele & TD 

CYP2D61 *4 Tiwari et al. (2005a) 335 (North Indian) 
No significant association 
with TD, but trend between 
CYP2D6*4 & severity of TD 

CYP2D61 

*2 *3 *4 *5 *6 *7 *8 *9 *10 
*11 *14 *15 *17 *18 *19 *20 
*25 *26 *29 *30 *31 *35 *36 
*37 *40 *41 *43 *45 

De Leon et al. 
(2005) 516 (American) 

Nonsignificant trend between 
TD & CYP2D6 absence, 
particularly in white men 

 

                                                 
1The specific genetic variants which make up each individual allele are presented on the home page of the human cytochrome P450 (CYP) allele 

nomenclature committee: http://www.cypalleles.ki.se 
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(G1846A, results in null allele), CYP2D6*10 (C100T, results in reduced function allele) and 

CYP2D6*17 (C1023T and C2850T, results in reduced function allele) in the development of 

abnormal involuntary movements (includes TD) and its severity in a Xhosa schizophrenia 

population. The selection of these alleles was based on their relevant frequencies in African 

populations. Information regarding each allele (exact mutation, effect on CYP2D6, and population 

frequencies) is given in section 1.3.8.3.1, 1.3.8.3.2, and 1.3.8.3.3. 

 

4.3 Materials and Methods 

4.3.1 Clinical 

4.3.1.1 Patient population 

The patient population studied was the same described in section 2.3.1.1. Briefly, patients were 

recruited within the Western Cape Province of South Africa, diagnosed according to the DSM-IV 

and were of Xhosa origin. Patients or their caregiver (where appropriate) gave informed, written 

consent and the study was approved by the ethics committee of Stellenbosch University. 

 

4.3.1.2 Assessment 

The same assessments performed in section 2.3.1.2 were performed in this study, with interviews 

conducted according to DIGS (Nurnberger et al., 1994) and the presence of AIM determined using 

the AIMS (Guy, 1976). For more information please see section 2.3.1.2. Please also see the 

statistical analysis section in Chapter Two (section 2.3.3) for the division into AIM+ or TD+ and 

AIM-. 

 

4.3.2 Laboratory 

This study tried two different approaches in an attempt to amplify the specific regions of interest. 

The first approach considered the amplification of either one exon at a time (exon 2 and exon 5&6), 

or the amplification of several exons (exon 1-2 and exon 3-6). Nested PCR would then be 

performed on the multi-exonic fragments to obtain smaller fragments suited for restriction enzyme 

digestion. The second approach used long range PCR technology to amplify the whole CYP2D6 

gene and a nested PCR to amplify specific CYP2D6 exons of interest, which once again are suitable 

for restriction enzyme digestion. It should be noted that for all the nested PCRs the template was 

diluted 1 in 500 or 1 in 200 depending on band intensity and that all amplification reactions were 

performed using a GeneAmp PCR System 2700 (Perkin Elmer, Applied Biosystems, Warrington 
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WA, Great Britain). Please also refer to addendum A and B regarding more information about the 

DNA extraction protocol and genotyping methods. Primers were designed using Primer3 (Rozen 

and Skaletsky, 2000), while BLAST (Altschul et al., 1990) was used to determine whether primers 

bind to pseudogenes or any other genes. Please see Figure 5 and Table 13 for the position and 

sequence of the individual primers.  

 

4.3.2.1 First approach 

Primer sequences and PCR conditions for the amplification of exon 1, exon 2, exon 1-2, exon 4 

fragment, exon 5-6 and exon 3-6 are shown in Table 13 and Table 14 respectively. The primers for 

exon 1 and the exon 4 fragment bind to the pseudogenes, therefore only exon 2 and exon 5-6 were 

amplified at first using primers that did not bind to the pseudogenes. 

 

 

 

 
Figure 5: Diagram of the various primer positions in the CYP2D6 gene (Not drawn to scale).  

 

 

21 3 4 5 6 7 98

2D6 F 

2D6 Ex 1 F 

2D6 Ex 2 F 

2D6 Ex 3,4 F 

2D6*4 F 

2D6 Ex 5,6 F 

2D6 Ex 2 R 

2D6*4 R 

2D6 Ex 5,6 R 

2D6 R 

2D6 Ex 1 R 

Forward primers Reverse primers 
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Table 13: CYP2D6 primer information. 

Primer name Primer 
orientation Primer sequence Amplification of 

2D6 Fa Forward 5’-CCAGAAGGCTTTGCAGGCTTCA-3’ CYP2D6 and Exon 1-2 
2D6 Ra Reverse 5’-ACTGAGCCCTGGGAGGTAGGTA-3’ CYP2D6 
2D6 Ex 1 F  Forward 5’-TCTGGAGCAGCCCATACCCG-3’ Exon 1 and Exon 1-2 
2D6 Ex 1R  Reverse 5’-TAAATGCCCTTCTCCAGGAC-3’ Exon 1 
2D6 Ex 2 F  Forward 5’-TCCTCCTTCCACCTGCTCAC-3’ Exon 2 
2D6 Ex 2 R  Reverse 5’-CTTCGACACCGGATTCCAGC-3’ Exon 2 and Exon 1-2 
2D6*4 F Forward 5’-GTGGGTGATGGGCAGAAG-3’ Exon 4 fragment 
2D6*4 R Reverse 5’-GAGGGTCGTCGTACTCGAA-3’ Exon 4 fragment 
2D6 Ex 5,6 F Forward 5’-ACAGGCAGGCCCTGGGTCTA-3’ Exon 5-6 
2D6 Ex 5,6 R Reverse 5’-GGCCCTGACACTCCTTCTTG-3’ Exon 5-6 and Exon 3-6 
2D6 Ex 3,4 F Forward 5’-AGCTGGAATCCGGTGTCGAA-3’ Exon 3-6 

aLundqvist et al. (1999) 

 

4.3.2.1.1 Amplification of exon 2 

For the detection of CYP2D6*17 C1023T a 561 bp fragment was amplified using primers 2D6 Ex 2 

F and 2D6 Ex 2 R. This fragment would then be subjected to restriction enzyme digestion using 

FokI (New England Biolabs, Ipswich, MA, USA) according to the manufacturer’s instructions, 

resulting in a 561 bp band in wildtype homozygotes and a 313 bp and 248 bp band in mutant 

homozygotes. 

 

4.3.2.1.2 Amplification of exon 5 to exon 6 

The amplification of exon 5 and 6 (772 bp; primers: 2D6 Ex 5,6 F and 2D6 Ex 5,6 R) was 

performed for the detection of CYP2D6*17 C2850T. The amplicon was then digested according to 

manufacturer’s instructions using HhaI (New England Biolabs, Ipswich, MA, USA). Wildtype 

homozygotes showed a 372 bp, 261 bp and a 139 bp band, and mutant homozygotes only a 633 bp 

and 139 bp band (See Figure 6). 

 

4.3.2.1.3 Amplification of exon 1 to exon 2 

Due to the high homology between CYP2D6 and its pseudogenes, specifically in the exon 1 region, 

and the problems encountered amplifying exon 2 on its own (discussed in results section), exon 1 

and exon 2 were amplified together (reverse primer does not bind to pseudogenes) either using 2D6 

F or 2D6 Ex 1 F as forward primer (optimization attempts were always tried for both primer 

options). The 1664 bp (2D6 F – 2D6 Ex 2 R) or 1544 bp (2D6 Ex 1 F – 2D6 Ex 2 R) fragment 

would therefore be used as template for a nested PCR of exon 1 (551 bp; primers: 2d6 Ex 1 F and 

2D6 Ex 1 R) and exon 2 (561 bp). Using HphI (New England Biolabs, Ipswich, MA, USA) to cut 

the exon 1 PCR product, the presence of C100T could be detected, since wildtype homozygotes 
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presented with a 413 bp, 71 bp and 67 bp band, and mutant homozygotes with a 313 bp, 100 bp, 71 

bp and 67 bp band. CYP2D6*17 C1023T was detected as described previously (See amplification 

of exon 2). 

 

 

Table 14: CYP2D6 PCR conditions and optimization attempts.Error! Not a valid link. 
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Table 14: continued. 

Amplification of Exon 1-2 Exon 3-6 CYP2D6 

Polymerase 0.5 U GoTaq® Flexia 0.5 U GoTaq® Flexia 1.25 U GeneAmp® High Fidelity PCR systemd 

Buffer 1X GoTaq® Flexi Buffer 1X GoTaq® Flexi Buffer 1X GeneAmp® High Fidelity PCR buffer  

Forward primer 0.8 μM 2D6 Ex 1 F or 2D6 
F 0.4 μM 2D6 Ex 3-4 F 0.3 μM 2D6 F 

Reverse primer 0.8 μM 2D6 Ex 1 R 0.4 μM 2D6 Ex 5-6 R 0.3 μM 2D6 R 

[MgCl2]  3 mM 1.5 mM 1.5 mM 

[dNTP]ab 0.1 mM 0.1 mM 0.2 mM 

DNA ~50 ng ~50 ng ~30 ng 

Reaction volume 25 μl 25 μl 25 μl 

PCR program 

 
94°C  3 minutes 
 
94°C  20 seconds 
62°C  20 seconds      X15 
72°C  2 minutes 
 
94°C  20 seconds 
59°C  20 seconds      X20 
72°C  2.5 minutes 
 
72°C  4 minutes 
 

 
94°C  3 minutes 
 
94°C  20 seconds 
55°C  20 seconds      X15 
72°C  2 minutes 
 
94°C  20 seconds 
52°C  20 seconds      X20 
72°C  2.5 minutes 
 
72°C  4 minutes 

 
94°C  2 minutes 
 
94°C  15 seconds 
64°C  30 seconds                               X9 
68°C  4 minutes 
 
94°C  15 seconds 
64°C  30 seconds                               X21 
68°C  4 minutes +5 seconds/cycle 
 
72°C  7 minutes 

Optimisation attempts       

Increase [MgCl2]      A) 2 mM; B) 2.5 mM; E) 1-4 mM (MgCl2 
range); F) 1.35 mM 

Decrease [MgCl2] A & C) 2.5 mM     

Increase DNA   A) >80 ng B), D), E) & F) ~60 ng; C) 90 ng 

Increase [dNTP]ab      C) 0.26 mM; E) & F): 0.28 mM 

Increase [primer] E) 1.98 μM   C) 0.6 μM; E) 0.4 μM 

Different polymerase     D) TaKaRa Ex Taq™ e 

Increase [polymerase]     F) 2.5 U 

Change PCR program       

Cycle number     C) & F)f 35 cycles 

Annealing temperature A & B) 63°C and 60°C   A) & B) 60°C 
  D) 55°C and 52°C   E) 54°C-64°C (temperature range) 
  E) 57°C and 54°C   F) 68°Cf 

Denaturation time     B) 20 seconds; E) 30 seconds; F) 12 secondsf 

Annealing time     F) 7 minutes (annealing and elongation time 
and no increase in time/cycle)f 

Elongation time     C) 5 minutes (no increase in time/cycle) 

 

 

                                                 
aProduct of Fermentas, Ontario, Canada; bConcentration given for each dNTP; cProduct of Bioline, Canton, MA, USA; dProduct of Applied 

Biosystems, Foster City, CA, USA; eProduct of Takara Bio inc., Otsu, Japan; fAccording to Lundqvist et al. (1999) 
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4.3.2.1.4 Amplification of exon 3 to exon 6 

For the detection of CYP2D6*4 G1846A and as an alternative strategy for the amplification of 

CYP2D6*17 C2850T (only gave partial results in previous approach; see section 4.4.2) exon 3 to 6 

was amplified as one fragment (1809 bp; primers: 2D6 Ex 3,4 F and 2D6 Ex 5,6 R). PCR product 

obtained was then diluted and used as template for a nested PCR of an exon 4 fragment (primers: 

2D6*4 F and 2D6*4 R) and exon 5 to 6. For the exon 4 fragment (184 bp) a restriction enzyme 

digest using MvaI (Fermentas, Ontario, Canada) (according to manufacturer’s instructions) detected 

the presence of wildtype homozygotes (98 bp and 86 bp band), mutant homozygotes (184 bp band) 

and heterozygotes (184 bp, 98 bp and 86 bp band) for G1846A (See Figure 7). CYP2D6*17 

C2850T was detected as described under amplification of exon 5 to exon 6 (section 4.3.2.1.2). 

 

4.3.2.2 Second approach 

4.3.2.2.1 Amplification of entire CYP2D6 gene 

 Here it was attempted to amplify the entire CYP2D6 gene (~5kb). Primers used by Lundqvist et al. 

(1999) were used in this study. PCR product obtained would once again be diluted and used as 

template for the amplification of exon 1, exon 2, exon 4 fragment and exon 5 to 6 and genotypes 

determined using restriction enzyme digests as described previously.  

 

4.3.2.3 Visualisation 

PCR product was visualised after 40 minutes on a 1.5% (w/v) agarose gel stained with ethidium 

bromide (0.01%; v/v), subjected to electrophoresis at 100V, while restriction enzyme digest product 

was visualised on a 1.5% (w/v) or 2% (w/v) agarose gel, stained with ethidium bromide (0.01%; 

v/v), after an hour of electrophoresis at 80V. Detection of the relevant product was performed under 

UV light. 

 

4.4 Results 

4.4.1 Amplification of exon 2 

Amplification of control samples (unrelated anonymous control DNA samples) worked well, yet 

when performed with the Xhosa schizophrenia DNA samples either extremely light bands with non-

specific product or no amplification at all were observed. Hence, several optimization attempts were 

made as shown in Table 14. This included the reordering of the primers (not shown in Table 14). 

However, no results were obtained. 
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4.4.2 Amplification of exon 5 to exon 6 

Of the 123 Xhosa schizophrenia samples to be genotyped, amplification was only possible for about 

half of these samples. Even after several optimization attempts shown in Table 14, no progress was 

made. See amplification of exon 3 to exon 6 for information regarding the genotyped samples. 

 

4.4.3 Amplification of exon 1 to exon 2 

After several attempts to optimize this reaction using BioTaq™ (Bioline, Canton, MA, USA) at first 

(not shown in Table 14), amplification was finally possible using GoTaq® Flexi (Fermentas, 

Ontario, Canada) and control DNA. Non-specific bands were also visible, though they almost 

disappeared when using the PCR conditions shown in Table 14. However, once this reaction was 

performed on Xhosa patient samples, only non-specific bands were observed. Steps taken to 

optimize the reaction for the Xhosa patient DNA samples are shown in Table 14, and once again 

new primers were ordered, to make sure the primers had not degenerated. However, this also proved 

unsuccessful. 

 

4.4.4 Amplification of exon 3 to exon 6 

Amplification of exon 3 to exon 6 only resulted in partial success and using more DNA (shown in 

Table 14) did not make a difference. For the nested PCR of exon 5 to 6 also only about half of the 

samples could be amplified. Together with the previous attempt to amplify exon 5 to 6 (see 

amplification of exon 5 to exon 6 section), in total only 63 out of possible 123 Xhosa patient 

samples were genotyped (Figure 6). The nested PCR of the exon 4 fragment was also only partly 

successful, and only 44 Xhosa schizophrenia patients could be genotyped (Figure 7), even though 

amplification of control samples had worked well. 

 

4.4.5 Amplification of entire CYP2D6 gene 

Numerous attempts were made to optimise this reaction (see Table 14), however, the correct 

fragment could not be amplified, with either no product or only non-specific bands being observed. 
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Figure 6: CYP2D6 C2850T genotype determination by HhaI digestion of exon 5 to 6, visualised on 

a 1.5% (w/v) agarose gel. Lane 1: Ladder: O’Generuler 100 bp DNA ladder (Fermentas, Ontario, 

Canada); lane 3 and 4: mutant allele homozygotes; Lane 5: Heterozygote; Lane 6: Wildtype allele 

homozygote. 

 

 

 

 

Figure 7: CYP2D6 G1846A genotype determination by digestion of the exon 4 fragment using 

MvaI, visualised on a 2% (w/v) agarose gel. Lane 1: Ladder: Hyperladder IV (Bioline, Canton, MA, 

USA); Lane 2-5: Wildtype allele homozygotes; Lane 6: Heterozygote. 

 

 

4.5 Discussion 
This study focused on the association between several CYP2D6 genetic variants, namely 

CYP2D6*4 (G1846A), CYP2D6*10 (C100T) and CYP2D6*17 (C1023T and C2850T), and the 

development and severity of AIM or TD. However, only 63 Xhosa schizophrenia patients could be 

genotyped for C2850T and 44 for G1846A. For the latter variant only two heterozygotes were 

observed (both in the AIM- group), while the rest were all homozygous for the wildtype allele 

(Table 15). Caucasians show a higher CYP2D6*4 allele frequency (11.3-28.6%) compared to 

African populations (0.9-9.3%) and Asian populations (0.0-0.8%) (Evans et al., 1993; 

Masimirembwa and Hasler, 1997; Bathum et al., 1999; Xie et al., 2001). The allele frequency of 

2.3% in our genotyped sample group (Table 15) (4.2% in the AIM- group), therefore, corresponds 
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with this finding. Caucasians had higher allele frequencies and Chinese showed even lower allele 

frequencies than the Xhosa population (Table 15). Crawley (2006) found the CYP2D6*4 allele 

frequency to be 6.3% in a healthy Xhosa population. This figure is higher than found in this study, 

but falls within the allele frequency range described for African populations (0.9-9.3%).  

 

In general, the trend has been that at least one loss of function (PM) allele is associated with TD 

development. We only found two heterozygotes, and these were in the AIM- group, theoretically 

not indicating an association between this variant and AIM development. However, the number of 

samples genotyped was of course too small to be able to perform association analyses and results 

obtained only give an idea of the effect of CYP2D6*4 on AIM development in the Xhosa 

schizophrenia population.  

 

 

Table 15: CYP2D6*4 (G1846A) allele and genotype frequencies in various populations (TD 

association studies). 
 This study Kapitany et al. (1998) Andreassen et al. (1997) Jaanson et al. (2002) 

Population1 Xhosa Caucasian Caucasian Russian 

Total2 n=443 n=45 n=100 n=52 

GG (%) 95.5 66.7 91.0 67.3 

GA (%) 4.5 31.1 4.0 32.7 

AA (%) 0.0 2.2 5.0 0.0 

G 0.98 0.82 0.93 0.84 

A 0.02 0.18 0.07 0.16 

 
1Studies on Asian populations either did not find the A allele or only found one heterozygote (Nikoloff et al., 2002; Inada et al.,2003; Ohmori et 

al.,1998) and therefore were not included in this table; 2Total of TD+ and TD- group; 3Total of AIM+ and AIM- group. 

 

 

No statistical analysis was performed for the 63 samples genotyped for C2850T, even though the 

sample number was reasonable. This is due to the fact that this variant is not only present in 

CYP2D6*17 but also in various other alleles such as CYP2D6*2, CYP2D6*8 and CYP2D6*11 

(Homepage of the Human Cytochrome P450 (CYP) Allele Nomenclature Committee, 

http://www.cypalleles.ki.se/cyp2d6.htm). Only in combination with C1023T does it result in a 

functional effect, and classification as CYP2D6*17 is only possible if both of these variants are 

present in the same individual (even then one needs to check for variants unique to CYP2D6*40 and 

CYP2D6*58 such as 1863_1864insTTTCGCCCC, since both of these also contain C1023T and 

C2850T). Hence, it is not surprising that the allele frequency of C2850T was 51.6% in our cohort, 

45.8% in the AIM+ and 59.6% in the AIM- group. Since C1023T could not be genotyped, no 

interpretation regarding CYP2D6*17 and its association with AIM or TD can be made in this study.  
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Various attempts were made to amplify exon 1, exon 2, an exon 4 fragment and exon 5 to 6. Partial 

results were only achieved for the exon 4 fragment and exon 5 to 6. The possible reasons for the 

non- or partial amplification are numerous.  

 

Several optimisation steps were taken to successfully optimise the various exons and fragments 

(See Table 14 for all optimisation attempts). These included increasing or decreasing the MgCl2 

concentration, for optimal amplification. The DNA concentration in a PCR was also changed. The 

logic behind increasing the concentration was of course to increase the amount of possible template 

the primers could bind to and hence better amplification, while a decrease in DNA concentration 

might reduce possible PCR inhibitory substances present in the patient DNA samples and therefore, 

once again, result in better amplification.  

 

In addition, annealing temperature(s) for various PCRs were changed. Initial annealing 

temperatures had been set at about 5°C below the melting temperature, as is generally 

recommended. Annealing temperatures were adjusted from there for optimal amplification. In some 

cases the annealing temperature was lowered somewhat in the hope of obtaining the right fragment, 

even in the presence of non-specific bands. The theory behind this was that once the right fragment 

was observed, small optimisation steps could be taken to eliminate non-specific amplification.  

 

Furthermore, the primer concentration was increased for some PCRs. Due to the high homology 

between CYP2D6 and its pseudogenes, and since one of the primers (of course never both) 

generally also bound to the pseudogenes, it was thought that possibly too few primers (either 

forward or reverse) were available for amplification and the primer concentration therefore 

increased.  

 

One other option contemplated was the use of a different DNA polymerase (see Table 14), though 

again no success was attained. 

 

Most optimisation attempts did not yield results. Strangely, for control samples used for the initial 

optimisation of the reaction correct amplification did occur for some reactions (exon 2 and exon 1-

2), yet, when the same reaction was tried on several different patient samples no results were 

obtained. The argument that non-optimal cycling conditions may be the cause of the 

nonamplification hence does not apply. Of course it could mean that possibly the patient DNA 

samples were either of low quality and/or had low DNA concentrations. To address the latter, all 
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sample concentrations had been measured (done by GeneCare Molecular Genetics (Cape Town, 

South Africa) who had been contracted to extract DNA) and confirmed for the majority of samples 

in our laboratory. Generally about 50 ng of DNA was used in a 25 μl PCR reaction. In addition, as 

mentioned before, the DNA concentration was increased for some PCRs (also see Table 14). This 

study only had limited amounts of DNA available, and therefore no further measurements regarding 

purity were performed. This limitation also did not allow for any purification attempts to be made. 

When the same patient samples which did not amplify for any of the CYP2D6 PCRs were subjected 

to a PCR of another gene fragment (DRD3 as described in Chapter Three) amplification worked 

well (data not shown). Furthermore, the same patient sample had successfully been used for the 

amplification of various other genes such as MnSOD (see Chapter Two), CYP-17, CYP1A2, 

CYP3A4, CYP3A5 and MDR1 in our laboratory. 

 

Due to the high homology of the pseudogenes and the numerous genetic variants of this gene, 

primers designed were not optimal regarding GC content, annealing temperature or self-

complimentarity. This may well have resulted in poor or no amplification. Yet, this does not explain 

the amplification in control samples. 

 

Another theory explaining nonamplification was that primers had degenerated over time. For this 

reason primers were reordered, though this also did not prove successful.  

 

There was a general trend for PCR reactions to decrease in effectivity over time, which could be 

related to primer degeneration (see above) or to possible PCR inhibitory substances in the pipette. 

These substances may end up in the PCR reactions resulting in poor amplification or none at all. 

Pipettes were cleaned at several stages (rinsed with autoclaved distilled water after cleaning) and 

put under UV light which should have eliminated any inhibitory substances. 

 

The amplification of the entire CYP2D6 gene followed by any of several different genotyping 

procedures is the approach taken by most studies focusing on this gene (Hersberger et al., 2000; 

Müller et al., 2003; Sistonen et al., 2005). This study also attempted this strategy, without success 

even after numerous optimisation steps (see Table 14). An honours project performed in our 

laboratory focused on the detection of the CYP2D6 deletion (Ricketts, 2006). It incorporated the 

amplification of the entire CYP2D6 gene, used as internal control for reaction failure and the 

detection of heterozygotes. While in that study the correct 5 kb fragment was observed using 

Fermentas Taq DNA polymerase (Fermentas, Ontario, Canada), replication proved problematic. 



 

 

71

Due to time limitations, no further optimisation attempts based on the findings of the honours 

project could be made in this study. 

 

Another factor which may explain the partial amplification or nonamplification of CYP2D6 in this 

study is the possibility of the presence of genetic variants specific to the Xhosa population, which 

have not been documented yet. These may hamper primer binding if they lie within the primer 

binding site. Partial deletions of the CYP2D6 gene may also exist, which could hinder amplification 

or result in the misinterpretation of results (smaller fragment seen as non-specific amplification). As 

mentioned, CYP2D6 genetic variant frequencies do differ between populations. To our knowledge 

no studies have focused on CYP2D6 variants in the Xhosa population and further investigations are 

therefore warranted. However, it is unlikely that all patients in this study had a variant or deletion 

that would result in nonamplification. For that reason the possibility of as yet unknown genetic 

variants alone cannot explain nonamplification. 

 

In addition, there exists the possibility that due to factors such as coiled secondary structures, 

certain areas of the genome amplify better than others. Possibly the CYP2D6 region is one of those 

areas that is more tightly coiled in the Xhosa population, hence less accessible to DNA polymerases 

and therefore amplifies with difficulty. 

 

In our laboratory an honours study focused on the frequency determination of CYP2D6*4 and 

CYP2D6*17 (C2850T) in a healthy Xhosa population (Crawley, 2006). Out of 70 samples, 63 could 

be genotyped for CYP2D6*4, and only 33 for CYP2D6*17 (C2850T) using the method described in 

section 4.3.2.1.4. This study was clearly more successful in genotyping CYP2D6*4, but faired the 

same in regard to CYP2D6*17 (C2850T). Differences may be due to different DNA samples used 

(healthy Xhosa versus schizophrenia Xhosa population), minor differences in the method used, or 

possibly the presence of novel amplification-affecting genetic variants in either of the populations. 

 

There are probably still numerous optimisation steps that could have been performed for each 

individual PCR, however, time and DNA limitations did not allow for further optimisation attempts. 

Various methods exist for the genotyping of CYP2D6. Some studies use CYP2D6 specific ARMS 

reactions (Heim and Meyer, 1990), while other methods are based on the amplification of the entire 

CYP2D6 gene, which is then followed by either ARMS (Hersberger et al., 2000), detection through 

fluorescent technology (Sistonen et al., 2005), or real-time PCR (Müller et al., 2003). A relatively 

new and easy method makes use of microarray technology to genotype individuals (Nikoloff et al., 

2002; Heller et al., 2006). This method does not limit genotyping to a few specific genetic variants 
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and further allows genetic screening of various populations, independent of ethnic genetic 

differences (Heller et al., 2006). Roche’s AmpliChip® CYP450 test, for example, is commercially 

available and tests for numerous CYP2D6 and CYP2C19 genetic variants (the first to be cleared by 

the FDA) (AmpliChip® CYP450 test, http://www.amplichip.us). In the future, opting for a probably 

more expensive but easier, faster and effective method may be a better choice for genotyping 

individuals for CYP2D6. 

 

Pharmacogenetic tests for personalized therapy may become a reality in the future. CYP2D6 is an 

important drug metabolizing enzyme and therefore is a likely candidate to be screened during 

pharmacogenetic tests. However, ethnic genetic differences should be investigated thoroughly, 

before implementation of CYP2D6 genotype screening, since some variants may be unique to 

specific populations (e.g. CYP2D6*17). The importance of this gene in TD development in the 

Xhosa population remains to be investigated, and further studies should focus on determining the 

association between known genetic variants and TD, as well as screening for novel genetic variants 

in this unique African Xhosa population. 
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Chapter Five 

 

Conclusion 
In general, genetic association studies on TD show contradictory findings. This can be explained by 

several factors and the complexity of the disorder. For example, the strictness regarding diagnosis 

of TD is a factor that may influence results. In addition, we found that some published CYP2D6 

studies used primers that did bind to pseudogenes (not used in this study) or only differed by one 

base pair, located in the centre of the primer. The findings of these studies may therefore be 

spurious. It may also be that the pathophysiology of TD differs between populations, and hence 

different genetic variants could lead to the development of the disorder in the one population but not 

in others. 

 

This thesis focused on the association between MnSOD Ala-9Val, DRD3 Ser9Gly, CYP2D6*4 

(G1846A), CYP2D6*10 (C100T) and CYP2D6*17 (C1023T and C2850T) and the development and 

severity of AIM as well as TD in a Xhosa schizophrenia population. Only partial results could be 

obtained for CYP2D6 and no association analysis was performed. In regard to DRD3 Ser9Gly, no 

association between this variant and TD or AIM development as well as severity was observed. We 

did, however, find an association between MnSOD Ala-9Val and TD or AIM development and TD 

severity in this Xhosa schizophrenia population. This variant on its own probably has a small effect 

on AIM/TD and only together with several other variants in different genes will result in AIM/TD 

development. We did test for a possible interactive effect between the DRD3 Ser9Gly and MnSOD 

Ala-9Val in the development of AIM or TD, but no significant effect was observed. Future studies 

should therefore focus on possible interactive effects between numerous other variants, as well as 

the variants investigated in this study. In this Xhosa schizophrenia population, the genotype and 

allele frequencies of MnSOD Ala-9Val were found to be similar to those of the Turkish population 

and different to those of the Asian populations. DRD3 Ser9Gly genotype and allele frequencies 

differed from those of Caucasian and Asian populations, but were similar to those of the African 

American population. From the samples that could be genotyped for CYP2D6*4 (G1846A) the 

genotype and allele frequencies were determined, and fell into the range described for African 

populations. They did differ from those allele and genotype frequencies described for Caucasian 

populations, as has been reported for African populations in the literature. 

 

This study fulfilled its aims in that it successfully determined the role of MnSOD Ala-9Val and 

DRD3 Ser9Gly in the development of AIM and TD, as well as the role of MnSOD Ala-9Val in the 
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development and severity of schizophrenia in the unique Xhosa schizophrenia population. In 

addition, the MnSOD Ala-9Val, DRD3 Ser9Gly and CYP2D6*4 genotype and allele frequencies of 

the Xhosa schizophrenia population (AIM+ and AIM-) was compared to those described in the 

literature for other populations (TD+ and TD-). Lastly, this study was able to investigate the 

possibility of an interactive effect between MnSOD Ala-9Val and DRD3 Ser9Gly in the 

development of AIM and TD. However, this study could not fulfil all of its aims in that it was not 

able to investigate the role of CYP2D6*4, CYP2D6*10 and CYP2D6*17 in the development of 

AIM and TD, nor an interactive effect of any of these variants and MnSOD Ala-9Val or DRD3 

Ser9Gly in the development of the mentioned disorders. The genotype and allele frequencies of 

CYP2D6*10 and CYP2D6*17 could also not be determined. 

 

A novel approach was attempted in this study, in that it investigated the role of the mentioned 

genetic variants in the development of AIM. Previous studies have focused solely on TD. It is 

interesting to note, that while results generally were similar between the TD+ and AIM+ group, 

differences were observed for the analysis of MnSOD Ala-9Val, where an effect of the variant on 

AIMS score, therefore severity, was only observed in the TD+ group. 

 

Only certain genetic variants, based on previous research on TD development in different 

populations, were investigated in this study. Yet, several other genetic variants may play a role in 

TD development, and investigations of these have been based on the specific hypothesis used to 

explain TD development. TD is bound to be a complex disorder and a multi-variant approach 

should be taken for the better understanding of the exact mechanism of TD. This was partly 

attempted in this study, by trying to establish any interactive effects between genetic variants. 

However, this should be extended to a much greater number of genetic variants, and eventually to a 

multi-genic, multi-variant investigation of TD development. 

 

In the future, knowledge regarding the frequencies of specific variants as well as their involvement 

in drug-induced side effects in different populations will be important, for the development of 

accurate methods in the prediction of an individual’s drug response. Prediction of antipsychotic side 

effects, such as TD, is still a long way off, and is complicated by the apparent differences between 

ethnic groups. Yet, it is hoped in the future that through the use of high throughput methods, such as 

the AmpliChip® CYP450 test (AmpliChip® CYP450 test, http://www.amplichip.us), screening for 

numerous variants in several different genes simultaneously will eventually lead to the better 

understanding of the pathophysiology of TD, and hence the development of preventative and/or 

curative strategies. 



 

 

75

Chapter Six 

 

References 

 
General references 
Abdalla DSP, Monteiro HP, Oliveira JAC, Bechara EJH (1986) Activities of superoxide dismutase 

and glutathione peroxidase in schizophrenic and manic-depressive patients. Clinical Chemistry 

32(5):805-807 

Abdolmaleky HM, Cheng KH, Russo A, Smith CL, Faraone SV, Wilcox M et al. (2005) 

Hypermethylation of the Reelin (RELN) promoter in the brain of schizophrenic patients: a 

preliminary report. American Jounal of Medical Genetics. Part B, Neuropsychiatric Genetics 

134(1):60-66 

Abi-Dargham A, Rodenhiser J, Printz D, Zea-Ponce Y, Gil R, Kegeles LS et al. (2000) Increased 

baseline occupancy of D2 receptors by dopamine in schizophrenia. Proceedings of the National 

Academy of Sciences of the United States of America 97(14):8104-8109 

Abidi S and Bhaskara SM (2003) From chlorpromazine to clozapine-antipsychotic adverse effects 

and the clinician’s dilemma. Canadian Journal of Psychiatry 48(11):749-755 

Abraham BK and Adithan C (2001) Genetic polymorphism of CYP2D6. Indian Journal of 

Pharmacology 33:147-169 

Accili D, Fishburn CS, Drago J, Steiner H, Lachowicz JE, Park BH et al. (1996) A targeted 

mutation of the D3 dopamine receptor gene is associated with hyperactivity in mice. Proceedings of 

the National Academy of Sciences of the United States of America 93:1945-1949 

Adler CM, Malhotra AK, Elman I, Pickar D, Breier A (2002) Amphetamine-induced dopamine 

release and post-synaptic specific binding in patients with mild tardive dyskinesia. 

Neuropsychopharmacology 26(3):295-300 

Adler LA, Rotrosen J, Edson R, Lavori P, Lohr J, Hitzemann R et al. (1999) Vitamin E treatment 

for tardive dyskinesia. Archives of General Psychiatry 56:836-841 



 

 

76

Aklillu E, Persson I, Bertilsson L, Johansson I, Rodrigues F, Ingelman-Sundberg M (1996) 

Frequent distribution of ultrarapid metabolizers of debrisoquine in an Ethiopian population carrying 

duplicated and multiduplicated functional CYP2D6 alleles. The Journal of Pharmacology and 

Experimental Therapeutics 278(1):441-446 

Akyol Ö, Herken H, Uz E, Fadıllıoğlu E, Ünal S, Söğüt S et al. (2002) The indices of endogenous 

oxidative and antioxidative processes in plasma from schizophrenic patients. The possible role of 

oxidant/antioxidant imbalance. Progress in Neuro-Psychopharmacology & Biological Psychiatry 

26:995-1005 

Akyol Ö, Yanik M, Elyas H, Namli M, Canatan H, Akin H et al. (2005) Association between Ala-

9Val polymorphism of Mn-SOD gene and schizophrenia. Progress in Neuro-Psychopharmacology 

& Biological Psychiatry 29:123-131 

Alván G, Bechtel P, Iselius L, Gundert-Remy U (1990) Hydroxylation polymorphisms of 

debrisoquine and mephenytoin in European populations. European Journal of Clinical 

Pharmacology 39:533-537 

Ambrósio AM, Kennedey JL, Macciardi F, Macedo A, Valente J, Dourado A et al. (2004) Family 

association study between DRD2 and DRD3 gene polymorphisms and schizophrenia in a 

Portuguese population. Psychiatry Research 125:185-191 

Ananth J, Burgoyne KS, Niz D, Smith M (2004) Tardive dyskinesia in 2 patients treated with 

ziprasidone. Journal of Psychiatry and Neuroscience 29(6):467-469 

Andreasen NC (1989) The Scale for the Assessment of Negative Symptoms (SANS): conceptual 

and theoretical foundations. British Journal of Psychiatry Supplement 7:49-58 

Andreasen NC, Arndt S, Miller D, Flaum M, Nopoulos P (1995) Correlational studies of the Scale 

for the Assessment of Negative Symptoms and the Scale for the Assessment of Positive Symptoms: 

an overview and update. Psychopathology 28:7-17 

Andreassen OA and Jørgensen HA (2000) Neurotoxicity associated with neuroleptic-induced oral 

dyskinesias in rats. Implications for tardive dyskinesia? Progress in Neurobiology 61:525-541 

Andreassen OA, MacEwan T, Gulbrandsen AK, McCreadie RG, Steen VM (1997) Non-functional 

CYP2D6 alleles and risk for neuroleptic-induced movement disorders in schizophrenic patients. 

Psychopharmacology 131:174-179 



 

 

77

APA (1994) Diagnostic and Statistical Manual of Mental Disorders., 4th ed. American Psychiatric 

Association, Washington DC 

Arinami T, Gao M, Hamaguchi H, Toru M (1997) A functional polymorphism in the promoter 

region of the dopamine D2 receptor gene is associated with schizophrenia. Human Molecular 

Genetics 6(4):577-582 

Armstrong M, Daly AK, Blennerhassett R, Ferrier N, Idle JR (1997) Antipsychotic drug-induced 

movement disorders in schizophrenics in relation to CYP2D6 genotype. British Journal of 

Psychiatry 170:23-26 

Arranz MJ, Munro J, Birkett J, Bolonna A, Mancama D, Sodhi M et al. (2000) Pharmacogenetic 

prediction of clozapine response. The Lancet 355:1615-1616 

Arthur H, Dahl ML, Siwers B. Sjoqvist F (1995) Polymorphic drug metabolism in schizophrenic 

patients with tardive dyskinesia. Journal of Clinical Psychopharmacology 15 (3):211-216 

Arvindakshan M, Ghate M, Ranjekar PK, Evans DR, Mahadik SP (2003b) Supplementation with a 

combination of ω-3 fatty acids and antioxidants (vitamins E and C) improves the outcome of 

schizophrenia. Schizophrenia Research 62:195-204 

Arvindakshan M, Sitasawad S, Debsikdar V, Ghate M, Evans D, Horrobin DF et al. (2003a) 

Essential polyunsaturated fatty acid and lipid peroxide levels in never-medicated and medicated 

schizophrenia patients. Biological Psychiatry 53:56-64 

Austin J (2005) Schizophrenia: an update and review. Journal of Genetic Counseling 14(5):329-340 

Badner JA and Gershon ES (2002) Meta-analysis of whole-genome linkage scans of bipolar 

disorder and schizophrenia. Molecular Psychiatry 7:405-411 

Bakker PR, van Harten PN, van Os J (2006) Antipsychotic-induced tardive dyskinesia and the 

Ser9Gly polymorphism in the DRD3 gene: a meta-analysis. Schizophrenia Research 83:185-192 

Baritaki S, Zafiropoulos A, Soufla G, Katsafouros K, Gourvas V, Spandidos DA (2004) 

Association between schizophrenia and DRD3 or HTR2 receptor gene variants. European Journal 

of Human Genetics 12:535-541 

Basile VS, Masellis M, Badri F, Paterson AD, Meltzer HY, Lieberman JA et al. (1999) Association 

of the MscI polymorphism of the dopamine D3 receptor gene with tardive dyskinesia in 

schizophrenia. Neuropsychopharmacology 21(1):17-27 



 

 

78

Basile VS, Masellis M, McIntyre RS, Meltzer HY, Lieberman JA, Kennedy JL (2001a) Genetic 

dissection of atypical antipsychotic-induced weight gain: novel preliminary data on the 

pharmacogenetic puzzle. Journal of Clinical Psychiatry 62(23):45-65 

Basile VS, Masellis M, Potkin SG, Kennedy JL (2002) Pharmacogenomics in schizophrenia: the 

quest for individualized therapy. Human Molecular Genetics 11(20):2517-2530 

Basile VS, Özdemir V, Masellis M, Meltzer HY, Lieberman JA, Potkin SG et al. (2001b) Lack of 

association between serotonin-2A receptor gene (HTR2A) polymorphism and tardive dyskinesia in 

schizophrenia.Molecular Psychiatry 6:230-234 

Basile VS, Özdemir V, Masellis M, Walker ML, Meltzer HY, Lieberman JA et al. (2000) A 

functional polymorphism of the cytochrome P450 1A2 (CYP1A2) gene: association with tardive 

dyskinesia in schizophrenia. Molecular Psychiatry 5:410-417 

Bathum L, Skjelbo E, Mutabingwa TK, Madsen H, Hørder M, Brøsen K (1999) Phenotypes and 

genotypes for CYP2D6 and CYP2C19 in a black Tanzanian population. British Journal of Clinical 

Pharmacology 48:395-401 

Bertilsson L, Dahl ML, Sjöqvist F, Äberg-Wistedt A, Humble M, Johansson I et al. (1993) 

Molecular basis for rational megaprescribing in ultrarapid hydroxylators of debrisoquine. The 

Lancet 341:63 

Bertz RJ and Granneman GR (1997) Use of in vitro and in vivo data to estimate the likelihood of 

metabolic pharmacokinetic interactions. Clinical Pharmacokinetics 32(3):210-258 

Bhoopathi PS and Soares-Weiser K (2006) Benzodiazepines for neuroleptic-induced tardive 

dyskinesia. Cochrane Database of Systematic Reviews (3):CD000205   

Blanchet PJ, Rompre PH, Lavigne GJ, Lamarche C (2005) Oral dyskinesia: a clinical overview. The 

International Journal of Prosthodontics 18(1):10-19 

Bolonna AA, Arranz MJ, Mancama D, Kerwin RW (2004) Pharmacogenomics-can genetics help in 

the care of psychiatric patients? International Review of Psychiatry16(4):311-319 

Bonelli RM, Hofmann P, Aschoff A, Niederwieser G, Heuberger C, Jirikowski G et al. (2005) The 

influence of psychotropic drugs on cerebral cell death: female neurovulnerability to antipsychotics. 

International Journal of Clinical Psychopharmacology 20:145-149 



 

 

79

Boomershine KH, Shelton PS, Boomershine JE (1999) Vitamin E in the treatment of tardive 

dyskinesia. The Annals of Pharmacotherapy 33:1195-1201 

Bradford LD, Gaedigk A, Leeder JS (1998) High frequency of CYP2D6 poor and “intermediate” 

metabolizers in black populations: a review and preliminary data. Psychopharmacology Bulletin 

34(4):797-804 

Bromet EJ and Fennig S (1999) Epidemiology and natural history of Schizophrenia. Biological 

Psychiatry 46:871-881 

Brown K, Reid A, White T, Henderson T, Hukin S, Johnstone C et al. (1998) Vitamin E, lipids, and 

lipid peroxidation products in tardive dyskinesia. Biological Psychiatry 43:863-867 

Brown S, Birtwistle J, Roe L, Thompson C (1999) The unhealthy lifestyle of people with 

schizophrenia. Psychological Medicine 29:697-701   

Burger M, Fachinetto R, Calegari L, Paixão MW, Braga AL, Rocha JBT (2004) Effects of age on 

reserpine-induced orofacial dyskinesia and possible protection of diphenyl diselenide. Brain 

Research Bulletin 64:339-345 

Burger ME, Fachineto R, Alves A, Callegari L, Rocha JBT (2005a) Acute reserpine and subchronic 

haloperidol treatments change synaptosomal brain glutamate uptake and elicit orofacial dyskinesia 

in rats. Brain Research 1031:202-210 

Burger ME, Fachinetto R, Zeni G, Rocha JBT (2005b) Ebselen attenuates haloperidol-induced 

orofacial dyskinesia and oxidative stress in rat brain. Pharmacology, Biochemistry and Behavior 

81(3):608-615 

Cadet JL and Kahler LA (1994) Free radical mechanisms in schizophrenia and tardive dyskinesia. 

Neuroscience and Biobehavioral Reviews 18(4):457-467 

Cadet JL and Perumal A (1990) Chronic treatment with prolixin causes oxidative stress in rat brain. 

Biological Psychiatry 28:738-740 

Caraco Y (2004) Genes and the response to drugs. New England Journal of Medicine 

351(27):2867-2869 

Casey DE (2004) Pathophysiology of Antipsychotic Drug-Induced Movement Disorders. Journal of 

Clinical Psychiatry 65(suppl 9):25-28 



 

 

80

Chance B, Sies H, Boveris A (1979) Hydroperoxide metabolism in mammalian organs. 

Physiological Reviews 59(3):527-605 

Chiu H, Lau J, Lam L, Shum P (1993) Association of negative symptoms with tardive dyskinesia in 

schizophrenic patients. Australian and New Zealand Journal of Psychiatry 27:228-232 

Chiu H, Shum P, Lau J, Lam L, Lee S (1992) Prevalence of tardive dyskinesia, tardive dystonia, 

and respiratory dyskinesia among Chinese psychiatric patients in Hong Kong. The American 

Journal of Psychiatry 149:1081-1085 

Chong SA, Tan EC, Tan CH (2003a) Smoking and tardive dyskinesia: lack of involvement of the 

CYP1A2 gene. Journal of Psychiatry Neuroscience 28(3):185-189 

Chong SA, Tan EC, Tan CH, Mahendren R, Tay AHN, Chua HC (2000) Tardive dyskinesia is not 

associated with the serotonin gene polymorphism (5-HTTLPR) in Chinese. American Journa of 

Medical Genetics 96:712-715 

Chong SA, Tan EC, Tan CH, Mythily, Chan YH (2003b) Polymorphisms of Dopamine receptors 

and tardive dyskinesia among Chinese patients with schizophrenia. American Journal of Medical 

Genetics 116B:51-54 

Chouinard G, Margolese HC, Alphs LD, Larach-Walters V, Beauclair L, Anand R (2002) 

Relationship between baseline extrapyramidal symptoms and suicidality in schizophrenic subjects 

included in the intersept trial. Biological Psychiatry 51:20S-21S 

Collier DA and Li T (2003) The genetics of schizophrenia: glutamate not dopamine? European 

Journal of Pharmacology 480:177-184 

Crawley TR (2006) Analysis of CYP2D6*4 and *17 variants in two South african populations. 

Honours thesis, Department of Genetics, Stellenbosch University, South Africa 

Crocq MA, Mant R, Asherson P, Williams J, Hode Y, Mayerova A et al. (1992) Association 

between schizophrenia and homozygosity at the dopamine D3 receptor gene. Journal of Medical 

Genetics 29(12):858-860 

Curnutte JT and Babior BM (1987) Chronic granulomatous disease. Advances in Human Genetics 

16:229-297 

Daar AS and Singer PA (2005) Pharmacogenetics and geographical ancestry: implications for drug 

development and global health. Nature Reviews Genetics 6:241-246 



 

 

81

Dakhale G, Khanzode S, Khanzode S, Saoji A, Khobragade L, Turankar A (2004) Oxidative 

damage and schizophrenia: the potential benefit by atypical antipsychotics. Neuropsychobiology 

49:205-209 

Dandara C, Masimirembwa CM, Magimba A, Sayi J, Kaaya S, Sommers DK et al. (2001) Genetic 

polymorphism of CYP2D6 and CYP2C19 in East- and Souther n African populations including 

psychiatric patients. European Journal of Clinical Pharmacology 57:11-17 

Davies KJA (2000) An overview of oxidative stress. International Union of Biochemistry and 

Molecular Biology Life 50:241-244 

De Leon J, Susce MT, Pan RM, Koch WH, Wedlund PJ (2005) Polymorphic variations in GSTM1, 

GSTT1, PgP, CYP2D6, CYP3A5, and dopamine D2 and D3 receptors and their association with 

tardive dyskinesia in severe mental illness. Journal of Clinical Psychopharmacology 25:448-456 

Dean CE (2005) Antipsychotic-associated neuronal changes in the brain: toxic, therapeutic, or 

irrelevant to the long-term outcome of schizophrenia? Progress in Neuro-Psychopharmacology & 

Biological Psychiatry 30(2):174-189 

Deshpande SN, Varma PG, Semwal P, Rao AR, Bhatia T, Nimgaonkar VL et al. (2005) II. 

Serotonin receptor gene polymorphisms and their association with tardive dyskinesia among 

schizophrenia patients from North India. Psychiatric Genetics 15:157-158 

Dubertret C, Gorwood P, Ades J, Feingold J, Schwartz JC, Sokoloff P (1998) Meta-analysis of 

DRD3 gene and schizophrenia: ethnic heterogeneity and significant association in Caucasians. 

American Journal of Medical Genetics 81:318-322 

Ebadi M and Srinivasan SK (1995) Pathogenesis, prevention, and treatment of neuroleptic-induced 

movement disorders. Pharmacological Reviews 47(4):575-604 

Eichhammer P, Albus M, Borrmann-Hassenbach M, Schoeler A, Putzhammer A, Frick U et al. 

(2000) Association of dopamine D3-receptor gene variants with neuroleptic induced akathisia in 

schizophrenic patients: a generalization of Steen’s study on DRD3 and tardive dyskinesia. 

American Journal of Medical Genetics 96:187-191 

Elkashef AM, Ruskin PE, Bacher N, Barrett D (1990) Vitamin E in the treatment of tardive 

dyskinesia. The American Journal of Psychiatry 147:505-506 



 

 

82

Emsley R, Niehaus DJH, Koen L, Oosthuizen PP, Turner HJ, Carey P et al. (2006) The effects of 

eicosapentaenoic acid in tardive dyskinesia: a randomized, placebo-controlled trial. Schizophrenia 

Research 84(1):112-120 

Evans WE, Relling MV, Rahman A, McLeod HL, Scott EP, Lin JS (1993) Genetic basis for a lower 

prevalence of deficient CYP2D6 oxidative drug metabolism phenotypes in black Americans. The 

Journal of Clinical Investigation 91(5):2150-2154 

Fridovich I (1974) Superoxide dismutases. Advances in Enzymology and Related Areas of 

Molecular Biology 41:35-97 

Fridovich I (1983) Superoxide radical: an endogenous toxicant. Annual Review of Pharmacology 

and Toxicology 23:239-257 

Garcia-Barceló MM, Lam LCW, Ungvari GS, Lam VKL, Tang WK (2001) Dopamine D3 receptor 

gene and tardive dyskinesia in Chinese schizophrenic patients. Journal of Neural Transmission 

108:671-677 

Gharabawi GM, Bossie CA, Zhu Y, Mao L, Lasser RA (2005) An assessment of emergent tardive 

dyskinesia and existing dyskinesia in patients receiving long-acting, injectable risperidone: results 

from a long-term study. Schizophrenia Research 77:129-139 

Glazer WM, Morgenstern H, Doucette J (1994) Race and tardive dyskinesia among outpatients at a 

CMHC. Hospital and Community Psychiatry 45(1):38-42 

Goldberg RJ (2003) Tardive dyskinesia in elderly patients: an update. Journal of the American 

Medical Directors Association 4:S33-S42 

Griese EU, Asante-Poku S, Ofori-Adjei D, Mikus G, Eichelbaum M (1999) Analysis of the 

CYP2D6 gene mutations and their consequences for enzyme function in a West African population. 

Pharmacogenetics 9:715-723 

Gunne LM and Andrén PE (1993) An animal model for coexisting tardive dyskinesia and tardive 

parkinsonism: a glutamate hypothesis for tardive dyskinesia. Clinical Neuropharmacology 16(1):90-

95 

Guy WA (1976) Abnormal involuntary movement scale (AIMS). ECDEU Assessment manual for 

psychopharmacology. US Department of Health Education and Welfare. Washington, DC, pg 534-

537 



 

 

83

Halliwell B (1991) Reactive oxygen species in living systems: source, biochemistry, and role in 

human disease. The American Journal of Medicine 91(suppl. 3C):14S-22S 

Halliwell B (1997) Antioxidants and human disease: a general introduction. Nutrition Reviews 

55:S44-S49 

Harrison PJ (1999) The neuropathology of schizophrenia. A critical review of the data and their 

interpretation. Brain 122:593-624 

Harrison PJ and Weinberger DR (2005) Schizophrenia genes, gene expression, and neuropathology: 

on the matter of their convergence. Molecular Psychiatry 10:40-68 

Heim M and Meyer UA (1990) Genotyping of poor metabolisers of debrisoquine by allele-specific 

PCR amplification. The Lancet 336:529-532 

Heller T, Kirchheiner J, Armstrong VW, Luthe H, Tzvetkov M, Brockmöller J et al. (2006) 

AmpliChip CYP450 GeneChip®: a new gene chip that allows rapid and accurate CYP2D6 

genotyping. Therapeutic Drug Monitoring 28:673-677 

Herken H, Erdal ME, Böke Ö, Savaş HA (2003) Tardive dyskinesia is not associated with the 

polymorphisms of 5-HT2A receptor gene, serotonin transporter gene and catechol-o-

methyltransferase gene. European Psychiatry 18:77-81 

Hersberger M, Marti-Jaun J, Rentsch K, Hänseler E (2000) Rapid detection of the CYP2D6*3, 

CYP2D6*4, and the CYP2D6*6 alleles by tetra-primer PCR and of the CYP2D6*5 allele by 

multiplex long PCR. Clinical Chemistry 46(8):1072-1077 

Holden TJ (1987) Tardive dyskinesia in long-term hospitalised Zulu psychiatric patients. A 

prevalence study. South African Medical Journal 71:88-90 

Hoogendoorn MLC, Bakker SC, Schnack HG, Selten JC, Otten HG, Verduijn W et al. (2005) No 

association between 12 dopaminergic genes and schizophrenia in a large dutch sample. America 

journal of Medical Genetics Part B (Neuropsychiatric Genetics) 134B:6-9 

Hori H, Ohmori O, Shinkai T, Kojima H, Nakamura J (2001) Association between three functional 

polymorphisms of dopamine D2 receptor gene and tardive dyskinesia in schizophrenia. American 

Journal of Medical Genetics 105:774-778 



 

 

84

Hori H, Ohmori O, Shinkai T, Kojima H, Okano C, Suzuki T et al. (2000) Mangansese superoxide 

dismutase gene polymorphism and schizophrenia: relation to tardive dyskinesia. 

Neuropsychopharmacology 23(2):170-177 

Hughes JR, Hatsukami DK, Mitchell JE, Dahlgren LA (1986) Prevalence of smoking among 

psychiatric outpatients. American Journal of Psychiatry 143:993-997 

Inada T, Dobashi I, Sugita T, Inagaki A, Kitao Y, Matsuda G et al. (1997) Search for a 

Susceptibility Locus to Tardive Dyskinesia. Human Psychopharmacology 12:35-39 

Inada T, Senoo H, Iijima Y, Yamauchi T, Yagi G (2003) Cytochrome P450 II D6 gene 

polymorphisms and the neuroleptic-induced extrapyramidal symptoms in Japanese schizophrenic 

patients. Psychiatric Genetics 13:163-168 

Ingelman-Sundberg M (2005a) Genetic polymorphism of cytochrome P450 2D6 (CYP2D6): 

clinical consequences, evolutionary aspects and functional diversity. The Pharmacogenomics 

Journal 5:6-13 

Ingelman-Sundberg M (2005b) The human genome project and novel aspects of cytochrome P450 

research. Toxicology and Applied Pharmacology 207(2 suppl.):52-56 

Jaanson P, Marandi T, Kiivet RA, Vasar V, Vään S, Svensson JO (2002) Maintenance therapy with 

zuclopenthixol decanoate: association between plasma concentrations, neurological side effects and 

CYP2D6 genotype. Psychopharmacology 162:67-73 

Jeste DV (2004) Tardive dyskinesia rates with atypical antipsychotics in older adults. Journal of 

Clinical Psychiatry 65(suppl 9):21-24 

Jeste DV, Caligiuri MP, Paulsen JS, Heaton RK, Lacro JP, Harris MJ et al. (1995) Risk of tardive 

dyskinesia in older patients. Archives of General Psychiatry 52:756-765 

Johansson I, Oscarson M, Yue QY, Bertilsson L, Sjöqvist F, Ingelman-Sundberg M (1994) Genetic 

analysis of the Chinese cytochrome P4502D locus: characterization of variant CYP2D6 genes 

present in subjects with diminished capacity for debrisoquine hydroxylation. Molecular 

Pharmacology 452-459 

Johnson JA, Evans WE (2002) Molecular diagnostics as a predictive tool: genetics of drug efficacy 

and toxicity. Trends in Molecular Medicine 8(6):300-305 



 

 

85

Jönsson EG, Flyckt L, Burgert E, Crocq MA, Forslund K, Mattila-Evenden M et al. (2003) 

Dopamine D3 receptor gene Ser9Gly variant and schizophrenia: association study and meta-

analysis. Psychiatric Genetics 13:1-12 

Kagimoto M, Heim M, Kagimoto K, Zeugin T, Meyer UA (1990) Multiple mutations of the human 

cytochrome P450IID6 gene (CYP2D6) in poor metabolizers of debrisoquine. The Journal of 

Biological Chemistry 265(28):17209-17214 

Kaiser R, Tremblay PB, Klufmöller F, Roots I, Brockmöller J (2002) Relationship between adverse 

effects of antipsychotic treatment and dopamine D2 receptor polymorphism in patients with 

schizophrenia. Molecular Psychiatry 7:695-705 

Kalow W and Bertilsson L (1994) Interethnic factors affecting drug response. Advances in Drug 

Research 25:1-53 

Kane JM (2004) Tardive Dyskinesia Rates With Atypical Antipsychotics in Adults: Prevalence and 

Incidence. Journal of Clinical Psychiatry 65(suppl 9):16-20 

Kane JM and Smith JM (1982) Tardive dyskinesia: prevalence and risk factors, 1959 to 1979. 

Archives of General Psychiatry 39:473-481 

Kane JM, Woerner M, Lieberman J (1988) Tardive dyskinesia: prevalence, incidence, and risk 

factors. Journal of Clinical Psychopharmacology 8(4 suppl.):52S-56S 

Kane JM, Woerner M, Lieberman JA, Weinhold P, Florio W, Rubinstein M et al. (1985) The 

prevalence of tardive dyskinesia. Psychopharmacology Bulletin 21(1):136-139 

Kapitany T, Meszaros K, Lenzinger E, Schindler SD, Barnas C, Fuchs K et al. (1998) Genetic 

polymorphisms for drug metabolism (CYP2D6) and tardive dykinesia in schizophrenia. 

Schizophrenia Research 32:101-106 

Kasper S, Lowry AJ, Hodge A, Bitter I, Dossenbach M (2006) Tardive dyskinesia: analysis of 

outpatients with schizophrenia from Africa and the Middle East, Asia, Central and Eastern Europe, 

and Latin America. Schizophrenia Research 81:139-143 

Kawanishi Y, Tachikawa H, Suzuki T (2000) Pharmacogenomics and schizophrenia. European 

Journal of Pharmacology 410:227-241 



 

 

86

Khan MM, Evans DR, Gunna V, Scheffer RE, Parikh VV, Mahadik SP (2002) Reduced erythrocyte 

membrane essential fatty acids and increased lipid peroxides in schizophrenia at the never-

medicated first-episode of psychosis and after years of treatment with antipsychotics. Schizophrenia 

Research 58:1-10 

Kimura K, Isashiki Y, Sonoda S, Kakiuchi-Matsumoto T, Ohba N (2000) Genetic association of 

manganese superoxide dismutase with exudative age-related macular degeneration. American 

Journal of Opthalmology 130:769-773 

Kimura S, Umeno M, Skoda RC, Meyer UA, Gonzalez FJ (1989) The human debrisoquine 4-

hydroxylase (CYP2D) locus: sequence and identification of the polymorphic CYP2D6 gene, a 

related gene, and a pseudogene. American Journal of Human Genetics 45:889-904 

Kirchheiner J, Nickchen K, Bauer M, Wong ML, Licinio J, Roots I et al. (2004) Pharmacogenetics 

of antidepressants and antipsychotics: the contribution of allelic variations to the phenotype of drug 

response. Molecular Psychiatry 9:442-473 

Klawans HL Jr and Rubovits R (1972) An experimental model of tardive dyskinesia. Journal of 

Neural Transmission 33:235-246 

Klein C (2005) Movement disorders: classification. Journal of Inherited Metabolic Disease 28:425-

439 

Kling-Petersen T, Ljung E, Svensson K (1995) Effects on locomotor activity after local application 

of D3 preferring compounds in discrete areas of the rat brain. Journal of Neural Transmission 

102:209-220 

Kroemer HK and Eichelbaum M (1995) Molecular bases and clinical consequences of genetic 

cytochrome P450 2D6 polymorphism. Life Sciences 56(26):2285-2298 

Kuloglu M, Ustundag B, Atmaca M, Canatan H, Tezcan AE, Cinkilinc N (2002) Lipid peroxidation 

and antioxidant enzyme levels in patients with schizophrenia and bipolar disorder. Cell 

Biochemistry and Function 20:171-175 

Lai IC, Liao DL, Bai YM, Lin CC, Yu SC, Chen JY et al. (2002) Association study of the estrogen 

receptor polymorphisms with tardive dyskinesia in schizophrenia. Neuropsychobiology 46:173-175 



 

 

87

Lai IC, Wang YC, Lin CC, Bai YM, Liao DL, Yu SC et al. (2004) Negative association between 

Catechol-O-methyltransferase (COMT) gene Val158Met polymorphism and persistent tardive 

dyskinesia in schizophrenia. Journal of Neural Transmission 112(8):1107-1113 

Langer DH, Brown GL, Docherty JP (1981) Dopamine receptor supersensitivity and schizophrenia: 

a review. Schizophrenia Bulletin 7(2):208-224 

Lannfelt L, Sokoloff P, Martres MP, Pilon C, Giros B, Jönsson E et al. (1992) Amino acid 

substitution in the dopamine D3 receptor as a useful polymorphism for investigating psychiatric 

disorders. Psychiatric Genetics 2:249-256 

Lazarou J, Pomeranz BH, Corey PN (1998) Incidence of adverse drug reactions in hospitalized 

patients. The Journal of the American Medical Association 279(15):1200-1205 

Le Coniat M, Sokoloff P, Hillion J, Martres MP, Giros B, Pilon C et al. (1991) Chromosomal 

localization of the human D3 dopamine receptor gene. Human Genetics 87(5):618-620 

Lee HJ, Cha JH, Ham BJ, Han CS, Kim YK, Lee SH (2004) Association between a G-protein β3 

subunit gene polymorphism and the symptomatology and treatment responses of major depressive 

disorders. The Pharmacogenomics Journal 4:29-33 

Lerer B, Segman RH, Fangerau H, Daly AK, Basile VS, Cavallaro R et al. (2002) 

Pharmacogenetics of Tardive Dyskinesia: Combined Analysis of 780 Patients Supports Association 

with Dopamine D3 Receptor Gene Ser9Gly Polymorphism. Neuropsychopharmacology 27(1):105-

119 

Lewis CM, Levinson DF, Wise LH, DeLisi LE, Straub RE, Hovatta I et al. (2003) Genome scan 

meta-analysis of schizophrenia and bipolar disorder, part II: schizophrenia. American Journal of 

Human Genetics 73:34-48 

Lezoualc’h F, Rupprecht R, Holsboer F, Behl C (1996) Bcl-2 prevents hippocampal cell death 

induced by the neuroleptic drug haloperidol. Brain Research 738:176-179 

Liao DL, Yeh YC, Chen HM, Chen H, Hong CJ, Tsai SJ (2001) Association between the Ser9Gly 

Polymorphism of the Dopamine D3 Receptor Gene and Tardive Dyskinesia in Chinese 

Schizophrenic Patients. Neuropsychobiology 44:95-98 

Lieberman J, Kane JM, Woerner M, Weinhold P (1984) Prevalence of tardive dyskinesia in elderly 

samples. Psychopharmacology Bulletin 20(1):22-26 



 

 

88

Linder MW, Prough RA, Valdes R Jr (1997) Pharmacogenetics: a laboratory tool for optimizing 

therapeutic effciency. Clinical Chemistry 43(2):254-266 

Lindpaintner K (2003) Pharmacogenetics and the future of medical practice. Journal of Molecular 

Medicine 81:141-153 

Liou YJ, Lai IC, Liao DL, Chen JY, Bai YM, Chen TT et al. (2006) The human dopamine receptor 

D2 (DRD2) gene is associated with tardive dyskinesia in patients with schizophrenia. Schizophrenia 

Research 86(1-3):323-325 

Liou YJ, Wang YC, Bai YM, Lin CC, Yu CS, Liao DL et al. (2004) Cytochrome P-450 2D6*10 

C188T polymorphism is associated with antipsychotic-induced persistent tardive dyskinesia in 

Chinese schizophrenic patients. Neuropsychobiology 49:167-173 

Lohr JB and Caligiuri MP (1996) A double-blind placebo-controlled study of vitamin E treatment 

of tardive dyskinesia. Journal of Clinical Psychiatry 57:167-173 

Lohr JB, Caligiuri MP, Manley MS, Browning JA (2000) Neuroleptic-induced striatal damage in 

rats: a study of antioxidant treatment using accelerometric and immunocytochemical methods. 

Psychopharmacology 148:171-179 

Lohr JB, Kuczenski R, Bracha HS, Moir M, Jeste DV (1990) Increased indices of free radical 

activity in the cerebrospinal fluid of patients with tardive dyskinesia. Biological Psychiatry 28:535-

539 

Louzã MR and Bassitt DP (2005) Maintenance treatment of severe tardive dyskinesia with 

clozapine: 5 years’ follow-up. Journal of Clinical Psychopharmacology 25(2):180-182 

Løvlie R, Thara R, Padmavathi R, Steen VM, McCreadie RG (2001) Ser9Gly dopamine D3 

receptor polymorphism and spontaneous dyskinesia in never-medicated schizophrenic patients. 

Molecular Psychiatry 6:6-12 

Lowrimore P, Mulvihill D, Epstein A, McCormack M, Wang YH (2004) CAG nucleotide repeat 

profiles in persons with schizophrenia or schizoaffective disorders with and without tardive 

dyskinesia: pilot study. American Journal of Medical Genetics 128B:15-18 

Lundqvist E, Johansson I, Ingelman-Sundberg M (1999) Genetic mechanisms for duplication and 

multiduplication of the human CYP2D6 gene and methods for detection of duplicated CYP2D6 

genes. Gene 226:327-338 



 

 

89

Lundstrom K and Turpin MP (1996) Proposed Schizophrenia-related gene polymorphism: 

Expression of the Ser9Gly mutant human dopamine D3 receptor with the Semliki forest virus 

system. Biochemical and Biophysical Research Communications 225:1068-1072 

Mahadik SP and Mukherjee S (1996) Free radical pathology and antioxidant defense in 

schizophrenia: a review. Schizophrenia Research 19:1-17 

Mahadik SP, Evans D, Lal H (2001) Oxidative stress and role of antioxidant and ω-3 essential fatty 

acid supplementation in schizophrenia. Progress in Neuro-Psychopharmacology & Biological 

Psychiatry 25:463-493 

Mahadik SP, Mukherjee S, Scheffer R, Correnti EE, Mahadik JS (1998) Elevated plasma lipid 

peroxides at the onset of nonaffective psychosis. Biological Psychiatry 43:674-679 

Malhotra AK, Murphy MG, Kennedy JL (2004) Pharmacogenetics of psychotropic drug response. 

American Journal of Psychiatry 161:780-796 

Margolese HC, Chouinard G, Kolivakis TT, Beauclair L, Miller R (2005) Tardive dyskinesia in the 

era of typical and atypical antipsychotics. Part 1: pathophysiology and mechanisms of induction. 

Canadian Journal of Psychiatry 50(9):541-547 

Marklund SL (1982) Human copper-containing superoxide dismutase of high molecular weight. 

Proceedings of the National Academy of Sciences of the United States of America 79:7634-7638 

Masimirembwa C, Hasler J, Bertilssons L, Johanssin I, Ekberg O, Ingelman-Sundberg M (1996a) 

Phenotype and genotype analysis of debrisoquine hydroxylase (CYP2D6) in a black Zimbabwean 

population. Reduced enzyme activity and evaluation of metabolic correlation of CYP2D6 probe 

drugs. European Journal of Clinical Pharmacology 51:117-122 

Masimirembwa C, Persson I, Bertilsson L, Hasler J, Ingelman-Sundberg M (1996b) A novel mutant 

variant of the CYP2D6 gene (CYP2D6*17) common in a black African population: association 

with diminished debrisoquine hydroxylase activity. British Journal of Clinical Pharmacology 

42:713-719 

Masimirembwa CM and Hasler JA (1997) Genetic polymorphism of drug metabolisisng enzymes in 

African populations: implications for the use of neuroleptics and antidepressants. Brain Research 

Bulletin 44(5):561-571 



 

 

90

Matsumoto C, Ohmori O, Shinkai T, Hori H, Nakamura J (2004a) Genetic association analysis of 

functional polymorphisms in the cytochrome P450 1A2 (CYP1A2) gene with tardive dyskinesia in 

Japanese patients with schizophrenia. Psychiatric Genetics 14:209-213 

Matsumoto C, Shinkai T, Hori H, Ohmori O, Nakamura J (2004b) Polymorphisms of dopamine 

degradation enzyme (COMT and MAO) genes and tardive dyskinesia in patients with 

schizophrenia. Psychiatry Research 127:1-7 

Maurer I and Möller HJ (1997) Inhibition of complex I by neuroleptics in normal human brain 

cortex parallels the extrapyramidal toxicity of neuroleptics. Molecular and Cellular Biochemistry 

174:255-259 

McCord JM and Fridovich I (1969) Superoxide dismutase. An enzymatic function for 

erythrocuprein (hemocuprein). The Journal of Biological Chemistry 244(22):6049-6055 

McCreadie RG, Thara R, Kamath S, Padmavathy R, Latha S, Mathrubootham N et al. (1996) 

Abnormal Movements in Never-Medicated Indian Patients with Schizophrenia. British Journal of 

Psychiatry 168:221-226 

McKinnon RA and Evans AM (2000) Cytochrome P450. 2. Pharmacogenetics. Australian Journal 

of Hospital Pharmacy 30:102-105 

Meibohm B, Beierle I, Derendorf H (2002) How important are gender differences in 

pahrmacokinetics? Clinical Pharmacokinetics 41(5):329-342 

Melamed Y, Sirota P, Dicker DR, Fishman P (1998) Superoxide anion production by neutrophils 

derived from peripheral blood of schizophrenia patients. Psychiatry Research 77:29-34 

Mellor JE, Laugharne JDE, Peet M (1995) Schizophrenic symptoms and dietary intake of n-3 fatty 

acids. Schizophrenia Research 18(1):85-86 

Mellor JE, Laugharne JDE, Peet M (1996) Omega-3 fatty acid supplementation in schizophrenic 

patients. Human Psychopharmacology 11(1):39-46 

Meltzer HY (1999) The Role of Serotonin in Antipsychotic Drug Action. 

Neuropsychopharmacology 21(2S):106S-115S 

Michel TM, Thome J, Martin D, Nara K, Zwerina S, Tatschner T et al. (2004) Cu, Zn- and Mn-

superoxide dismutase levels in brains of patients with schizophrenic psychosis. Journal of Neural 

Transmission 111:1191-1201 



 

 

91

Miller D (2003) Clozapine and Tardive Dyskinesia. American Journal of Psychiatry 160:588 

Miller SA, Dykes DD, Polesky HF (1988) A simple salting out procedure for extracting DNA from 

human nucleated cells. Nucleic Acids Research 16:1215-1215 

Moghaddam B (2003) Bringing order to the glutamate chaos in schizophrenia. Neuron 40:881-884 

Morgenstern H and Glazer WM (1993) Identifying risk factors for tardive dyskinesia among long-

term outpatients maintained with neuroleptic medications. Results of the Yale tardive dyskinesia 

study. Archives of General Psychiatry 50:723-733 

Morrow JD, Frei B, Longmire AW, Gaziano JM, Lynch SM, Shyr Y et al. (1995) Increase in 

circulating products of lipid peroxidation (F2-isoprostanes) in smokers. New England Journal of 

Medicine 332:1198-1203 

Mueser KT and McGurk SR (2004) Schizophrenia. The Lancet 363:2063-2072 

Mukherjee S, Mahadik SP, Scheffer R, Correnti EE, Kelkar H (1996) Impaired antioxidant defense 

at the onset of psychosis. Schizophrenia Research 19:19-26 

Müller B, Zöpf K, Bachofer J, Steimer W (2003) Optimized strategy for rapid cytochrome P450 

2D6 genotyping by real-time long PCR. Clinical Chemistry 49(10):1624-1631 

Müller DJ, Shinkai T, De Luca V, Kennedy JL (2004) Clinical implications of pharmacogenomics 

for tardive dyskinesia. The Pharmacogenomics Journal 4:77-87 

Naidu PS, Singh A, Kulkarni SK (2002) Carvedilol attenuates neuroleptic-induced orofacial 

dyskinesia: possible antioxidant mechanisms. British Journal of Pharmacology 136:193-200 

Nebert DW and Russel DW (2002) Clinical importance of the cytochromes P450. The Lancet 

360:1155-1162 

Nikoloff D, Shim JC, Fairchild M, Patten N, Fijal BA, Koch WH et al. (2002) Association between 

CYP2D6 genotype and tardive dyskinesia in Korean schizophrenics. The Pharmacogenomics 

Journal 2:400-407 

Nurnberger JI Jr., Blehar MC, Kaufmann CA, York-Cooler C, Simpson SG, Harkavy-Friedman J et 

al. (1994) Diagnostic interview for genetic studies. Rationale, unique features, and training. NIMH 

Genetics Initiative. Archives of General Psychiatry 51:849-859 



 

 

92

Ohmori O, Kojima H, Shinkai T, Terao T, Suzuki T, Abe K (1999) Genetic association analysis 

between  CYP2D6*2 allele and tardive dyskinesia in schizophrenic patients. Psychiatry Research 

87:239-244 

Ohmori O, Suzuki T, Kojima H, Shinkai T, Terao T, Mita T et al. (1998) Tardive dyskinesia and 

debrisoquine 4-hydroxylase (CYP2D6) genotype in Japanese schizophrenics. Schizophrenia 

Research 32:107-113 

Oscarson M, Hidestrand M, Johansson I, Ingelman-Sundberg M (1997) A combination of mutations 

in the CYP2D6*17 (CYP2D6Z) allele causes alterations in enzyme function. Molecular 

Pharmacology 52(6):1034-1040 

Pae CU, Paik IH, Lee C, Lee SJ, Kim JJ (2004) Decreased plasma antioxidants in schizophrenia. 

Neuropsychobiology 50:54-56 

Pall HS, Williams AC, Blake DR, Lunec J (1987) Evidence of enhanced lipid peroxidation in the 

cerebrospinal fluid of patients taking phenothiazines. Lancet 2:596-599 

Panserat S, Sica L, Gérard N, Mathieu H, Jacqz-Aigrain E, Krishnamoorthy R (1999) CYP2D6 

polymorphism in a Gabonese population: contribution of the CYP2D6*2 and CYP2D6*17 alleles to 

the high prevalence of the intermediate metabolic phenotype. British Journal of Clinical 

Pharmacology 47:121-124 

Parikh V, Khan MM, Mahadik SP (2003) Differential effects of antipsychotics on expression of 

antioxidant enzymes and membrane lipid peroxidation in rat brain. Journal of Psychiatric Research 

37:43-51 

Patterson BD, Swingler D, Willows S (2005) Prevalence of and risk factors for tardive dyskinesia in 

a Xhosa population in the Eastern Cape of South Africa. Schizophrenia Research 76(1):89-97 

Pham DQ and Plakogiannis R (2005) Vitamin E supplementation in Alzheimer’s disease, 

Parkinson’s disease, tardive dyskinesia, and cataract: part 2. The Annals of Pharmacotherapy 

39:2065-2072 

Pierre JM (2005) Extrapyramidal symptoms with atypical antipsychotics: incidence, prevention and 

management. Drug Safety 28(3):191-208 



 

 

93

Polydoro M, Schröder N, Lima MN, Caldana F, Laranja DC, Bromberg E et al. (2004) Haloperidol- 

and clozapine-induced oxidative stress in the rat brain. Pharmacology, Biochemistry and Behavior 

78:751-756 

Ranjekar PK, Hinge A, Hegde MV, Ghate M, Kale A, Sitasawad S et al. (2003) Decreased 

antioxidant enzymes and membrane essential polyunsaturated fatty acids in schizophrenic and 

bipolar mood disorder patients. Psychiatry Research 121:109-122 

Rao AV and Balachandran B (2002) Role of oxidative stress and antioxidants in neurodegenerative 

diseases. Nutritional Neuroscience 5(5):291-309 

Rapoport JL, Addington AM, Frangou S, Psych MR (2005) The neurodevelopmental model of 

schizophrenia: update 2005. Molecular Psychiatry 10:434-449 

Ravikumar A, Arun P, Devi KVD, Augustine J, Kurup PA (2000) Isoprenoid pathway and free 

radical generation and damage in neuropsychiatric disorders. Indian Journal of Experimental 

Biology 38:438-446 

Reddy R, Keshavan M, Yao JK (2003) Reduced plasma antioxidants in first episode patients with 

schizophrenia. Schizophrenia Research 62:205-212 

Richardson MA, Chao HM, Read LL, Clelland JD, Suckow RF (2006) American Journal of 

Medical Genetics. Part B, Neuropsychiatric Genetics 141(2):195-197 

Ricketts MA (2006) Optimisation of a long-PCR protocol for CYP2D6 genotyping in poor 

metabolisers. Honours thesis, Department of Genetics, Stellenbosch University, South Africa 

Rietschel M, Krauss H, Müller DJ, Schulze TG, Knapp M, Marwinski K et al. (2000) Dopamine D3 

receptor variant and tardive dyskinesia. European Archives of Psychiatry and Clinical Neuroscience 

250:31-35 

Rittmannsberger H and Schöny W (1986) Prävalenz tardiver Dyskinesie bei langzeit-

hospitalisierten schizophrenen Patienten. Der Nervenarzt 57:116-118 

Rosenblum JS, Gilula NB, Lerner RA (1996) On signal sequence polymorphisms and diseases of 

distribution. Proceedings of the National Academy of Sciences of the United States of America 

93:4471-4473 



 

 

94

Rosengarten H, Bartoszyk GD, Quartermain D, Lin Y (2006) The effect of chronic administration 

of sarizotan, 5-HT1A agonist/D3/D4 ligand, on haloperidol-induced repetitive jaw movements in 

rat model of tardive dyskinesia. Progress in Neuro-Psychopharmacology & Biological Psychiatry 

30:273-279 

Roses AD (2000) Pharmacogenetics and the practice of medicine. Nature 405:857-865 

Roses AD (2004) Pharmacogenetics and drug development: the path to safer and more effective 

drugs. Nature Reviews Genetics 5:645-656 

Rybakowski JK, Borkowska A, Czerski PM, Hauser J (2001) Dopamine D3 receptor (DRD3) gene 

polymorphism is associated with the intensity of eye movement disturbances in schizophrenic 

patients and healthy subjects. Molecular Psychiatry 6:718-724 

Sachdev PS (2000) The current status of tardive dyskinesia. Australian and New Zealand Journal of 

Psychiatry 34:355-369 

Sachse C, Brockmöller J, Bauer S, Roots I (1997) Cytochrome P450 2D6 variants in a Caucasian 

population: allele frequencies and phenotypic consequences. American Journal of Human Genetics 

60:284-295 

Sadan O, Bahat-Stromza M, Gilgun-Sherki Y, Atlas D, Melamed E, Offen D (2005) A novel brain-

targeted antioxidant (AD4) attenuates haloperidol-induced abnormal movement in rats. Clinical 

Neuropharmacology 28:285-288 

Sagara Y (1998) Induction of reactive oxygen species in neurons by haloperidol. Journal of 

Neurochemistry 71:1002-1012 

Schooler NR and Kane JM (1982) Research diagnoses for tardive dyskinesia. Archives of General 

Psychiatry 39(4):486-487 

Schwartz JC, Levesque D, Martres MP, Sokoloff P (1993) Dopamine D3 receptor: basic and 

clinical aspects. Clinical Neuropharmacology 16(4):295-314 

See RE (1991) Striatal dopamine metabolism increases during long-term haloperidol administration 

in rats but shows tolerance in response to acute challenge with raclopride. Neuroscience Letters 

129:265-268 



 

 

95

Segman RH and Lerer B (2002) Age and the relationship of dopamine D3, serotonin 2C and 

serotonin 2A receptor genes to abnormal involuntary movements in chronic schizophrenia. 

Molecular Psychiatry 7:137-139 

Segman RH, Goltser T, Heresco-Levy U, Finkel B, Shalem R, Schlafman M et al. (2003) 

Association of dopaminergic and serotonergic genes with tardive dyskinesia in patients with chronic 

schizophrenia. The Pharmacogenomics Journal 3:277-283 

Segman RH, Heresco-Levy U, Finkel B, Goltser T, Shalem R, Schlafman M et al. (2001) 

Association between the serotonin 2A receptor gene and tardive dyskinesia in chronic 

schizophrenia. Molecular Psychiatry 6:225-229 

Segman RH, Heresco-Levy U, Finkel B, Inbar R, Neeman T, Schlafman M et al. (2000) 

Association between the serotonin 2C receptor gene and tardive dyskinesia in chronic 

schizophrenia: additive contribution of 5-Ht2Cser and DRD3gly alleles to susceptibility. 

Psychopharmacology 152:408-413 

Segman RH, Heresco-Levy U, Yakir A, Goltser T, Strous R, Greenberg DA et al. (2002a) 

Interactive Effect of Cytochrome P450 17α-Hydroxylase and Dopamine D3 Receptor Gene 

Polymorphisms on Abnormal Involuntary Movements In Chronic Schizophrenia. Biological 

Psychiatry 51:261-263 

Segman RH, Neeman T, Heresco-Levy U, Finkel B, Karagichev L, Schlafman M et al. (1999) 

Genotypic association between the dopamine D3 receptor and tardive dyskinesia in chronic 

schizophrenia. Molecular Psychiatry 4:247-253 

Segman RH, Shapira Y, Modai I, Hamdan A, Zislin J, Heresco-Levy U et al. (2002b) Angiotensin 

converting enzyme gene insertion/deletion polymorphism: case-control association studies in 

schizophrenia, major affective disorder, and tardive dyskinesia and a family-based association study 

in schizophrenia. American Journal of Medical Genetics 114:310-314 

Sharma RP (2005) Schizophrenia, epigenetics and ligand-activated nuclear receptors: a framework 

for chromatin therapeutics. Schizophrenia Research 72:79-90 

Shastry BS (2006) Pharmacogenetics and the concept of individualized medicine. The 

Pharmacogenomics Journal 6:16-21 



 

 

96

Shimada T, Yamazaki H, Mimura M, Inui Y, Guengerich FP (1994) Interindividual variations in 

human liver cytochrome P-450 enzymes involved in the oxidation of drugs, carcinogens and toxic 

chemicals: studies with liver microsomes of 30 Japanese and 30 Caucasians. The Journal of 

Pharmacology and Experimental Therapeutics 270(1):414-423 

Shimoda-Matsubayashi S, Matsumine H, Kobayashi T, Nakagawa-Hattori Y, Shimizu Y, Mizuno Y 

(1996) Structural dimorphism in the mitochondrial targeting sequence in the human manganese 

superoxide dismutase gene. Biochemical and Biophysical Research Communications 226:561-565 

Shinkai T, De Luca V, Hwang R, Matsumoto C, Hori H, Ohmori O et al. (2005) Association study 

between a functional glutathione S-transferase (GSTP1) gene polymorphism (Ile105Val) and 

tardive dyskinesia. Neuroscience Letters 388:116-120 

Shinkai T, De Luca V, Zai G, Shaikh S, Matsumoto C, Arnold PD et al. (2004) No association 

between the Pro197Leu polymorphism in the glutathione peroxidase (GPX1) gene and 

schizophrenia. Psychiatric Genetics 14:177-180 

Shinkai T, Müller DJ, De Luca V, Shaikh S, Matsumoto C, Hwang R et al. (2006) Genetic 

association analysis of the glutathione peroxidase (GPX1) gene polymorphism (Pro197Leu) with 

tardive dyskinesia. Psychiatry Research 141(2):123-128 

Sirota P, Gavrieli R, Wolach B (2003) Overproduction of neutrophil radical oxygen species 

correlates with negative symptoms in schizophrenic patients: parallel studies on neutrophil 

chemotaxis, superoxide production and bactericidal activity. Psychiatry Research 121:123-132 

Sistonen J, Fuselli S, Levo A, Sajantila A (2005) CYP2D6 genotyping by multiplex primer 

extension reaction. Clinical Chemistry 51(7):1291-1295 

Sivagnansundaram S, Müller DJ, Gubanov A, Potkin SG, Kennedy JL (2003) Genetics of 

schizophrenia: current strategies. Clinical Neuroscience Research 3:5-16 

Smith RC, Singh A, Infante M, Khandat A, Kloos A (2002) Effects of Cigarette Smoking and 

Nicotine Nasal Spray on Psychiatric Symptoms and Cognition In Schizophrenia. 

Neuropsychopharmacology 27(3):479-497 

Sohn DR, Shin SG, Park CW, Kusaka M, Chiba K, Ishizaki T (1991) Metoprolol oxidation 

polymorphism in a Korean population: comparison with native Japanese and Chinese populations. 

British Journal of Clinical Pharmacology 32:504-507 



 

 

97

Sokoloff P, Giros B, Martres MP, Bouthenet ML, Schwartz JC (1990) Molecular cloning and 

characterization of a novel dopamine receptor (D3) as a target for neuroleptics. Nature 347:146-151 

Sommers DK, Moncrieff J, Avenant J (1988) Polymorphism of the 4-hydroxylation of debrisoquine 

in the San Bushmen of Southern Africa. Human Toxicology 7:273-276 

Spear BB, Heath-Chiozzi M, Huff J (2001) Clinical application of pharmacogenetics. Trends in 

Molecular Medicine 7(5):201-204 

Srivastava V, Varma PG, Prasad S, Semwal P, Nimgaonkar VL, Lerer B (2005) Genetic 

susceptibility to tardive dyskinesia among schizophrenic subjects: IV. Role of dopaminergic 

pathway gene polymorphisms. Pharmacogenetics and Genomics 16:111-117 

Staddon, S, Arranz MJ, Mancama D, Perez-Nievas F, Arrizabalaga I, Anney R et al. (2005) 

Association between dopamine D3 receptor gene polymorphisms and schizophrenia in an isolate 

population. Schizophrenia Research 73:49-54 

Steen VM, Løvlie R, MacEwan T, McCreadie RG (1997) Dopamine D3-receptor gene variant and 

susceptibility to tardive dyskinesia in schizophrenic patients. Molecular Psychiatry 2:139-145 

Steimer W, Zöpf K, von Amelunxen S, Pfeiffer H, Bachofer J, Popp J et al. (2004) Allele-specific 

change of concentration and functional gene dose for the prediction of steady-state serum 

concentrations of amitriptyline and nortriptyline in CYP2C19 and CYP2D6 extensive and 

intermediate metabolizers. Clinical Chemistry 50(9):1623-1633 

Sullivan PF (2005) The genetics of schizophrenia. PLoS Medicine 2:614-618 

Sullivan PF, Kendler KS, Neale MC (2003) Schizophrenia as a complex trait: evidence from a 

meta-analysis of twin studies. Archives of General Psychiatry 60(12):1187-1192 

Sutton A, Imbert A, Igoudjil A, Descatoire V, Cazanave S, Pessayre D et al. (2005) The manganese 

superoxide dismutase Ala16Val dimorphism modulates both mitochondrial import and mRNA 

stability. Pharmacogenetics and Genomics 15(5):311-319 

Sutton A, Khoury H, Prip-Buus C, Cepanec C, Pessayre D, Degoul F (2003) The Ala16Val genetic 

dimorphism modulates the import of human manganese superoxide dismutase into rat liver 

mitochondria. Pharmacogenetics 13(3):145-157 

Suzuki M, Hurd YL, Sokoloff P, Schwartz JC, Sedvall G (1998) D3 dopamine receptor mRNA is 

widely expressed in the human brain. Brain Research 779:58-74 



 

 

98

Tan EC, Chong SA, Mahendran R, Dong F, Tan CH (2001) Susceptibility to neuroleptic-induced 

tardive dykinesia and the T102C polymorphism in the serotonin type 2A receptor. Biological 

Psychiatry 50:144-147 

Tan EC, Chong SA, Mahendran R, Tan CH, Teo YY (2003) Mu opioid receptor gene 

polymorphism and neuroleptic-induced tardive dyskinesia in patients with schizophrenia. 

Schizophrenia Research 65:61-63 

Tenback DE, van Harten PN, Slooff CJ, Belger MA, van Os J, the SOHO Study Group (2005) 

Effects of antipsychotic treatment on tardive dyskinesia: a 6-month evaluation of patients from the 

European schizophrenia outpatient health outcomes (SOHO) study. Journal of Clinical Psychiatry 

66:1130-1133 

Tiwari AK, Deshpande SN, Rao AR, Bhatia T, Lerer B, Nimgaonkar VL et al. (2005a) Genetic 

susceptibility to tardive dyskinesia in chronic schizophrenia subjects: III. Lack of association of 

CYP3A4 and CYP2D6 gene polymorphisms. Schizophrenia Research 75(1):21-26 

Tiwari AK, Deshpande SN, Rao SN, Bhatia T, Mukit SR, Shriharsh V et al. (2005b) Genetic 

susceptibility to tardive dyskinesia in chronic schizophrenia subjects: I. Association of CYP1A2 

gene polymorphism. The Pharmacogenomics Journal 5:60-69 

Tsuang MT, Nosova N, Yager T, Tsuang MM, Guo SC, Shyu KG et al. (2005) Assessing the 

validity of blood-based gene expression profiles for the classification of schizophrenia and bipolar 

disorder: a preliminary report. American Journal of Medical Genetics Part B: Neuropsychiatric 

Genetics 133B:1-5 

Turrone P, Remington G, Kapur S, Nobrega JN (2003) Differential effects of within-day continuous 

vs transient dopamine D2 receptor occupancy in the development of vacuous chewing movements 

(VCMs) in rats. Neuropsychopharmacology 28:1433-1439 

Van Harten PN, Matroos GE, Hoek HW, Kahn RS (1996) The prevalence of tardive dyskinesia, 

parkinsonism and akathisia. The Curaçao Extrapyramidal Syndromes Study:I. Schizophrenia 

Research 19:195-203 

Van Os, Walsh E, van Horn E, Tattan T, Bale R, Thompson SG (2000) Changes in negative 

symptoms and the risk of tardive dyskinesia: a longitudinal study. UK700 Group. Acta Psychiatrica 

Scandinavica 101:300-306 



 

 

99

Van-Landeghem GF, Tabatabaie P, Beckman G, Beckman L, Andersen PM (1999) Manganese-

containing superoxide dismutase signal sequence polymorphism associated with sporadic motor 

neuron disease. European Journal of Neurology 6:639-644 

Waddington JL and Youssef HA (1988) The expression of schizophrenia, affective disorder and 

vulnerability to tardive dyskinesia in an extensive pedigree. British Journal of Psychiatry 153:376-

381 

Wang YC, Liou YJ, Liao DL, Bai YM, Lin CC, Yu SC et al. (2004) Association analysis of a 

neural nitric oxide synthase gene polymorphism and antipsychotics-induced tardive dyskinesia in 

Chinese schizophrenic patients. Journal of Neural Transmission 111:623-629 

Weber WW (2001) The legacy of pharmacogenetics and potential applications. Mutation Research 

479:1-18 

Weinhold P, Wegner JT, Kane JM (1981) Familial occurrence of tardive dyskinesia. Journal of 

Clinical Psychiatry 42(4):165-166 

Weisiger RA and Fridovich I (1973) Mitochondrial superoxide dismutase. The Journal of 

Biological Chemistry 248(13):4793-4796 

Wilffert B, Zall R, Brouwers JRBJ (2005) Pharmacogenetics as a tool in the therapy of 

schizophrenia. Pharmacy World & Science 27:20-30 

Wilkinson (2005) Drug metabolism and variability among patients in drug response. New England 

Journal of Medicine 352(21):2211-2221 

Wolf CR and Smith G (1999) Pharmacogenetics. British Medical Bulletin 55(2):366-386 

Wonodi I, Adami HM, Cassady SL, Sherr JD, Avila MT, Thaker GK (2004) Ethnicity and the 

Course of Tardive Dyskinesia in Outpatients Presenting to the Motor Disorders Clinic at the 

Maryland Psychiatric Research Center. Journal of Clinical Psychopharmacology 24(6):592-598 

Woo SI, Kim JW, Rha E, Han SH, Hahn KH, Park CS et al. (2002) Association of the Ser9Gly 

polymorphism in the dopamine D3 receptor gene with tardive dyskinesia in Korean schizophrenics. 

Psychiatry and Clinical Neurosciences 56:469-474 

Xie HG, Kim RB, Wood AJJ, Stein CM (2001) Molecular basis of ethnic differences in drug 

disposition and response. Annual Review of Pharmacology and Toxicology 41:815-850 



 

 

100

Yao JK, Reddy R, McElhinny LG, van Kammen DP (1998a) Reduced status of plasma total 

antioxidant capacity in schizophrenia. Schizophrenia Research 32:1-8 

Yao JK, Reddy R, van Kammen DP (1998b) Reduced level of plasma antioxidant uric acid in 

schizophrenia. Psychiatry Research 80:29-39 

Yao JK, Reddy R, van Kammen DP (2000) Abnormal age related changes of plasma antioxidant 

proteins in schizophrenia. Psychiatry Research 97:137-151 

Yao JK, Reddy RD, van Kammen DP (1999) Human plasma glutathione peroxidase and symptom 

severity in schizophrenia. Biological Psychiatry 45:1512-1515 

Yao JK, Reddy RD, van Kammen DP (2001) Oxidative damage and schizophrenia. An overview of 

the evidence and its therapeutic implications. CNS Drugs 15(4):287-310 

Yassa R and Ananth J (1981) Familial tardive dyskinesia. American Journal of Psychiatry 

138:1618-1619 

Yassa R and Jeste DV (1992) Gender differences in tardive dyskinesia : a critical review of the 

literature. Schizophrenia Bulletin 18(4):701-715 

Yeh IN, Lin SK, Tsai CJ, Liu HC (2003) Rapid onset of dyskinesia induced by olanzapine. 

Psychiatry and Clinical Neurosciences 57:605-606 

Zanger UM, Raimundo S, Eichelbaum M (2004) Cytochrome P450 2D6: overview and update on 

pharmacology, genetics, biochemistry. Naunym-Schmiedeberg’s Archives of Pharmacology 

369:23-37 

Zhang XY, Zhou DF, Cao LY, Chen DC, Zhu FY, Wu GY (2003a) Blood superoxide dismutase 

level in schizophrenic patients with tardive dyskinesia: association with dyskinetic movements. 

Schizophrenia Research 62:245-250 

Zhang Z, Zhang X, Hou G, Sha W, Reynolds GP (2002a) The increased activity of plasma 

manganese superoxide dismutase  in tardive dykinesia is unrelated to the Ala-9Val polymorphism. 

Journal of Psychiatric Research 36:317-324 

Zhang ZJ, Zhang XB, Hou G, Yai H, Reynolds GP (2003b) Interaction between polymorphisms of 

the dopamine D3 receptor and manganese superoxide dismutase genes in susceptibility to tardive 

dyskinesia. Psychiatric Genetics 13:187-192 



 

 

101

Zhang Z-J, Zhang X-B, Sha W-W, Zhang X-B, Reynolds GP (2002b) Association of a 

polymorphism in the promoter region of the serotonin 5-HT2C receptor gene with tardive 

dyskinesia in patients with schizophrenia. Molecular Psychiatry 7:670-672 

 

Electronic References 
Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic local alignment search tool. 

Journal of Molecular Biology 215:403-410. http://www.ncbi.nlm.nih.gov/BLAST/ 

AmpliChip® CYP450 test: http://www.amplichip.us 

Genatlas, Université René Descartes, Paris: http://www.genatlas.org 

Homepage of the Human Cytochrome P450 (CYP) Allele Nomenclature Committee: 

http://www.cypalleles.ki.se/cyp2d6.htm 

Miller MP (1997) Tools for population genetic analyses (TFPGA) 1.3: A Windows program for the 

analysis of allozyme and molecular population genetic data. Computer software distributed by 

author. http://herb.bio.nau.edu/~miller/tfpga.htm 

Online Mendelian Inheritance in Man (OMIM): 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM 

PubMed: http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed 

Rozen S and Skaletsky HJ (2000) Primer3 on the WWW for general users and for biologist 

programmers. In: Krawetz S, Misener S (eds) Bioinformatics Methods and Protocols: Methods in 

Molecular Biology. Humana Press, Totowa, NJ, pg 365-386. http://frodo.wi.mit.edu/cgi-

bin/primer3/primer3.cgi 

 

http://www.ncbi.nlm.nih.gov/BLAST/
http://www.amplichip.us/
http://www.genatlas.org/
http://www.cypalleles.ki.se/cyp2d6.htm
http://herb.bio.nau.edu/~miller/tfpga.htm
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed
http://frodo.wi.mit.edu/cgi-bin/primer3/primer3.cgi
http://frodo.wi.mit.edu/cgi-bin/primer3/primer3.cgi


 

 

102

Appendix A 

 

Total genomic DNA extraction from whole blood  
Prior to the commencement of this study, GeneCare Molecular Genetics (Cape Town, South Africa) 

was contracted to extract DNA for Xhosa schizophrenia patients and healthy Xhosa controls, using 

the method described by Miller et al. (1988). For those samples with low DNA concentrations our 

lab once again performed DNA extractions on whole blood (was only available for some samples) 

with a modified protocol of Miller et al. (1988). Blood was collected in BD VacutainerTM tubes (BD 

VacutainerTM Systems, Plymouth, UK) containing ethylenediamine tetra-acetic acid (EDTA, 

C10H16N2O8). Blood was stored at 4°C for extraction on the same day or at -20°C if the extraction 

was performed at a later stage.  

 

Before placing about 10-20 ml of blood in a 50 ml falcon tube (Eurotubo, Deltalab, Barcelona, 

Spain), the vacutainer tube was shaken. Thirty ml of cold lysis buffer (0.155 M ammonium chloride 

(NH4Cl), 0.01 M potassium hydrogen carbonate (KHCO3), 0.0001 M EDTA) was added to the 

blood and mixed by inversion. The mixture was then put on ice for 20 minutes, shaking the sample 

every 5 minutes. Thereafter centrifugation occurred for 10 minutes at 365xg (UNICEN 20, Orto-

Alresa, Madrid, Spain). The supernatant was then thrown away and 10 ml phosphate buffered saline 

(PBS) (0.027 M potassium chloride (KCl), 0.137 M sodium chloride (NaCl), 0.008 M di-sodium 

hydrogen orthophosphate anhydrous (Na2HPO4), 0.0015 M potassium dihydrogen orthophosphate 

(KH2PO4)) was added to the pellet. Another centrifugation step at 365xg for 10 minutes followed. 

The supernatant was again discarded and the pellet dissolved in 3 ml nuclear lysis buffer (0.01M 

Tris-Cl, 0.4M NaCl, 0.002M EDTA), 50 μl proteinase K (10 mg/ml) (Finnzymes, Espoo, Finland) 

and 300 μl 10% (w/v) sodium dodecyl sulphate (SDS, (CH3(CH2)11OSO3Na)). The tube containing 

the mixture was well shaken and then incubated overnight at 55°C in a waterbath. 

 

After this period 2 ml 6 M NaCl was added and the mixture shaken vigorously for 1 minute. A 

centrifugation step at 1986xg for 30 minutes followed. Thereafter, the supernatant was transferred 

(without transferring foam or pellet) to a new tube (Eurotubo, Deltalab, Barcelona, Spain) and 

shaken for 15 seconds. The mixture was then centrifuged for 15 minutes at 1013xg, after which the 

supernatant was once again transferred to a new tube (Eurotubo, Deltalab, Barcelona, Spain) 

(without transferring any residual foam). Three volumes of ice-cold ±99% (v/v) ethanol (EtOH) 

were then added and the solution left to stand. After a few minutes the formed DNA spool was 

placed into a 1.5ml microcentrifuge tube (Brand GMBH + Co KG, Wertheim, Germany) and 500 μl 
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70% (v/v) ethanol were added. This was followed by centrifugation of the mixture for 10 minutes at 

31774xg at 4°C. The ethanol was then drained off and the pellet allowed to air dry. Once dry, the 

pellet was dissolved, depending on the size of the pellet, in 200-1000 μl sterile SABAX water 

(Adcock Ingram, Johannesburg, RSA). 
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Appendix B 

 

Genotyping 

 
MnSOD 

Heteroduplex single stranded conformational polymorphism analysis (HEX-

SSCP) 

Exon two was amplified from the MnSOD gene using primers, PCR reagents and amplification 

conditions as specified in Chapter Two, section 2.3.2 (also see Table 16). Five μl of SSCP loading 

buffer (91% (v/v) formamide (H2NCHO), 18 mM EDTA (C10H16N2O8), 0.05% (w/v) xylene cyanol 

(C31H28N2Na4O13S), 0.05% (w/v) bromophenol blue (C19H10Br4O5S)) was then added to the 

amplified product. Thereafter the mixture was heated at 98°C for 5 minutes, after which it was 

immediately put on ice. Fifteen μl were loaded onto a 12% (w/v) polyacrylamide (PAA), 7.5% 

(w/v) urea ((NH2)2CO), 1% cross-linking heteroduplex SSCP gel (370mm (height) X 165mm 

(width) X 0.75mm (depth)). 4.5 g urea (7.5%; w/v), 18 ml of 40% (w/v) PAA stock, 18 ml 5X TBE, 

24 ml dH2O, 800 μl of 10% (w/v) ammonium persulphate (APS, (NH4)2S2O8), and 80 μl TEMED 

(N’, N’, N’, N’, -tetramethylethylenediamine) were mixed to make a 60 ml gel. 1.5X TBE was used 

as buffer. The gels were then run for 17 hours at 4°C at 250 V and thereafter removed from the 

electrophoresis apparatus for staining. 

 

Staining 

The polyacrylamide gel was stained, depending on the intensity of the amplified bands, with either 

of two methods. The gels were placed in a solution consisting of 1.5X TBE and 0.01% (v/v) 

ethidium bromide (EtBr) and allowed to stain for a few minutes, whereafter the bands were 

visualised under UV light in the Syngene Vacutec Multigenius Bioimaging® using GeneSnap™ 

(Synoptics ltd. version 6.04.00). If the bands were not clearly visible with ethidium bromide 

staining, silver staining was performed. For this, the gel was firstly placed in a plastic container and 

covered with fixing solution (10% (v/v) EtOH, 0.5% (v/v) acetic acid (CH3COOH)) and shaken on 

a rotating platform (Belly dancer, Stovall Life Science, Inc) for 10 minutes, after which the solution 

was drained. The gel was then rinsed in water for one minute. After discarding the water, the gel 

was covered in freshly made staining solution (0.1% (w/v) silver nitrate (AgNO3)) and shaken on 
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the rotating platform for 10 minutes. The staining solution was then drained and the gel rinsed for 5 

seconds with water. The water was discarded and developing solution (1.5% (w/v) sodium 

hydroxide (NaOH), 0.155% (v/v) formaldehyde (HCHO) added just before use) was added so it 

covers the gel and shaken on the rotating platform for 10 minutes (or until red brown DNA bands 

became visible). Again the developing solution was drained and the gel rinsed with water. Gels 

were stored in a plastic covering in the dark. Solutions were discarded into marked bottles for 

biohazard waste disposal.  

 

DRD3 
Exon one of the DRD3 gene was amplified using primers, PCR reagents and amplification 

conditions as specified in Chapter Three, section 3.3.2 (also see Table 16). The amplicon was then 

subjected to restriction enzyme digestion by MscI (New England Biolabs, Ipswich, MA, USA). 

About 5 μl (depending on band intensity) of the amplified product was used in a 10 μl reaction 

containing 0.3 U MscI and 1X buffer 4 (New England Biolabs, Ipswich, MA, USA). The samples 

were then incubated overnight at 37°C and deactivated by incubation at 65°C for 30 seconds. DNA 

fragments were visualised on an ethidium bromide (0.01%; v/v) stained 2% (w/v) 1X TBE agarose 

gel (Bio Basic inc., Ontario, Canada) in the Syngene Vacutec Multigenius Bioimaging® using 

GeneSnap™ (Synoptics ltd. version 6.04.00). Gly homozygotes show bands of sizes 47 bp, 98 bp, 

111 bp and 207 bp. The Ser homozygotes, however, only show bands of sizes 47 bp, 111 bp and 

305 bp. The 47 bp fragment could not be clearly visualised on a 2% (w/v) 1X TBE agarose gel. In 

addition, the 111 and 98 bp fragments migrated as one band on the agarose gel. 

 

 

Table 16: Primers, annealing temperatures and MgCl2 concentration for exons amplified in the 

MnSOD, DRD3 and CYP2D6 genes. 

Gene and exon Forward primer 5'-3' Reverse primer 5'-3' 
Annealing 

temperature 
(°C) 

[MgCl2] 
(mM) 

MnSOD Exon 2 GCTTTCTCGTCTTCAGC CTCCTCGGTGACGTTC 58 3 

DRD3 Exon 2 GCTCTATCTCCAACTCTCACA1 AAGTCTACTCACCTCCAGGTA1 57 3 

CYP2D6 Exon 4 fragment GTGGGTGATGGGCAGAAG GAGGGTCGTCGTACTCGAA 62 0.5 

CYP2D6 Exon 5-6 ACAGGCAGGCCCTGGGTCTA GGCCCTGACACTCCTTCTTG 65, 62, 60 1 
1Segman et al. (1999) 
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CYP2D6 
Since exon 5 to 6 and the exon 4 fragment were the only exons that could at least partially be 

amplified (See Chapter Four, section 4.4), only genotyping method information for the variants 

G1846A and C2850T are given.  

 

CYP2D6*4 (G1846A) 

Amplification of the CYP2D6 exon 4 fragment was performed as described in Chapter Four, section 

4.3.2.1.4 (also see Table 16). This was followed by MvaI (Fermentas, Ontario, Canada) digestion to 

determine the G1846A genotype. About 5 μl (depending on band intensity) of PCR product was 

added to make a 10 μl reaction mix containing 2 U enzyme, and 1X buffer R (Fermentas, Ontario, 

Canada). Samples were then incubated overnight at 37°C followed by an inactivation step for 20 

minutes at 80°C. DNA samples were visualised on an ethidium bromide (0.01%; v/v) stained 2% 

(w/v) 1X TBE agarose (Bio Basic inc., Ontario, Canada) gel in the Syngene Vacutec Multigenius 

Bioimaging® using GeneSnap™ (Synoptics ltd. version 6.04.00). Those samples homozygous for 

the wildtype allele of G1846A showed a 98 bp and 86 bp band, while those homozygous for the 

mutant allele only showed a 184 bp band. Heterozygotes for G1846A of course showed a 184 bp, 

98 bp and 86 bp band. 

 

CYP2D6*17 (C2850T) 

Exon 5 to exon 6 was amplified as described in Chapter Four, section 4.3.2.1.2 (also see Table 16). 

The amplicon was then subjected to restriction enzyme digestion using HhaI (New England 

Biolabs, Ipswich, MA, USA) for the genotype determination of C2850T. In a 10 μl reaction, 5 μl of 

PCR product was added to 2 U enzyme, 1X buffer 4 and 100 μg/ml BSA (New England Biolabs, 

Ipswich, MA, USA). Digestion occurred overnight at 37°C. DNA fragments were visualised on a 

1.5% (w/v) 1X TBE agarose (Bio Basic inc., Ontario, Canada) gel in the Syngene Vacutec 

Multigenius Bioimaging® using GeneSnap™ (Synoptics ltd. version 6.04.00). Wildtype 

homozygotes for C2850T showed a 372 bp, 261 bp and a 139 bp band, while mutant homozygotes 

only showed a 633 bp and 139 bp band. Heterozygotes showed a 633 bp, 372 bp, 261 bp and 139 bp 

band. 
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Appendix C 
 

 

Table 17: Interaction analysis according to Zhang et al. (2003b), when the MnSOD Val allele is 

considered to be the “high risk” allele and the DRD3 Gly/Gly genotype as “high risk” genotype in 

the development of AIM. 

 MnSODAla/Ala MnSOD Ala/Val Val/Val 

 DRD3 Ser/Gly 
n (%) 

DRD3 Gly/Gly 
n (%) 

DRD3 Ser/Gly 
n (%) 

DRD3 Gly/Gly 
n (%) 

AIM+ (n=38) 3 (7.9) 5 (13.2) 12 (31.6) 18 (47.4) 

AIM- (n=55) 3 (5.5) 2 (3.6) 17 (30.9) 33 (60.0) 

Total (n=93) 6 (6.5) 7 (7.5) 29 (31.2) 51 (54.8) 

Ala/Ala Gly/Gly versus Ala/Val Val/Val Gly Gly: χ2=3.358, d.f.=1, P=0.067 

Ala/Val Val/Val Ser/Gly versus Ala/Val Val/Val Gly/Gly: χ2=0.292, d.f.=1, P=0.589 

 

 

Table 18: Interaction analysis according to Zhang et al. (2003b), when the MnSOD Ala allele is 

considered to be the “high risk” allele and the DRD3 Gly/Gly genotype as “high risk” genotype in 

the development of AIM. 

 MnSOD Val/Val MnSOD Ala/Val Ala/Ala 

 DRD3 Ser/Gly 
n (%) 

DRD3 Gly/Gly 
n (%) 

DRD3 Ser/Gly 
n (%) 

DRD3 Gly/Gly 
n (%) 

AIM+ (n=38) 7 (18.4) 7 (18.4) 8 (21.1) 16 (42.1) 

AIM- (n=55) 6 (10.9) 14 (25.5) 14 (25.5) 21 (38.2) 

Total (n=93) 13 (14.0) 21 (22.6) 22 (23.7) 37 (39.8) 

Val/Val Gly/Gly versus Ala/Val Ala/Ala Gly/Gly: χ2=0.550, d.f.=1, P=0.458 

Ala/Val Ala/Ala Ser/Gly versus Ala/Val Ala/Ala Gly/Gly: χ2=0.271, d.f.=1, P=0.603 

 

 

Table 19: Interaction analysis according to Zhang et al. (2003b), when the MnSOD Val allele is 

considered to be the “high risk” allele and the DRD3 Gly/Gly genotype as “high risk” genotype in 

the development of TD. 

 MnSODAla/Ala MnSOD Ala/Val Val/Val 

 DRD3 Ser/Gly 
n (%) 

DRD3 Gly/Gly 
n (%) 

DRD3 Ser/Gly 
n (%) 

DRD3 Gly/Gly 
n (%) 

TD+ (n=22) 2 (9.1) 3 (13.6)) 8 (36.4) 9 (40.9) 

AIM- (n=55) 3 (5.5) 2 (3.6) 17 (30.9) 33 (60.0) 

Total (n=77) 5 (6.5) 5 (6.5) 25 (32.5) 42 (54.5) 

Ala/Ala Gly/Gly versus Ala/Val Val/Val Gly Gly: χ2=3.496, d.f.=1, P=0.062 

Ala/Val Val/Val Ser/Gly versus Ala/Val Val/Val Gly/Gly: χ2=0.925 d.f.=1, P=0.336 
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Table 20: Interaction analysis according to Zhang et al. (2003b), when the MnSOD Ala allele is 

considered to be the “high risk” allele and the DRD3 Gly/Gly genotype as “high risk” genotype in 

the development of TD. 

 MnSOD Val/Val MnSOD Ala/Val Ala/Ala 

 DRD3 Ser/Gly  
n (%) 

DRD3 Gly/Gly 
n (%) 

DRD3 Ser/Gly 
n (%) 

DRD3 Gly/Gly 
n (%) 

TD+ (n=22) 4 (18.2) 3 (13.6) 6 (27.3) 9 (40.9) 

AIM- (n=55) 6 (10.9) 14 (25.5) 14 (25.5) 21 (38.2) 

Total (n=77) 10 (13.0) 17 (22.1) 20 (26.0) 30 (39.0) 

Val/Val Gly/Gly versus Ala/Val Ala/Ala Gly/Gly: χ2=0.871, d.f.=1, P=0.351 

Ala/Val Ala/Ala Ser/Gly versus Ala/Val Ala/Ala Gly/Gly: χ2=0.000, d.f.=1, P=1.000 
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Appendix D 

 

Oral presentation of work 
South African Genetics Society Congress, April 2006: 

Angelika Hitzeroth, Dana J.H. Niehaus, Liezl Koen, Willem C. Botes, Louise Warnich. MnSOD 

Ala-9Val polymorphism and the development of schizophrenia and tardive dyskinesia. 

 

Poster presentation of work 
Faculty of Health Science, Academic Year Day 2005:  

A Hitzeroth, D Niehaus, L Koen, L Warnich. No association between the MnSOD Ala-9Val 

polymorphism and development of schizophrenia in the Xhosa population.  

 

Articles submitted for publication 
Angelika Hitzeroth, Dana J. H. Niehaus, Liezl Koen, Willem C. Botes, JF Deleuze, Louise 

Warnich. Association between the MnSOD Ala-9Val polymorphism and development of 

schizophrenia and abnormal involuntary movements in the Xhosa population. Submitted to 

Progress in Neuro-Psychopharmacology & Biological Psychiatry and accepted after minor 

revision. 
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