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Schizophrenia is a disabling mental illness characterized by hallucinations, 

paranoid and bizarre delusions, cognitive impairment, amotivation, flat affect and 

impaired social and occupational functioning. It is a significant public hedth concern. 

since it strikes most in early adulthood, fiequently leading to recurrent, lengthy 

hospitalizations and ongoing, intensive outpatient care. Antipsychotic medication and 

rehabilitation programs reduce syrnptoms and relapse rates, but no treatments are 

curative. 

Despite strong evidence of an inherited component to schizophrenia no genes 

have been conclusively linked to the illness. Traditional genetic linkage and association 

approaches have been unsuccessfu1 so far. and neither genome-wide scans nor candidate 

gene studies have produced consistent, definitive results. The senes of experiments 

described in the following chapters describe a novel approach to the identification of 

candidate genes for schizophrenia. Gene expression was cornpared in the cortex of 

various rat models for schizophrenia based on the neonatal ventral hippocarnpal (VH) 

Iesioned rat model. The VH lesioned rat has a delayed onset of many of the abnormal 

behaviours associated with pharmacological animal models of schizophrenia and 

difierent rat strains have different vulnerabilities to the efTects of the iesion, 



Neurodevelopmentd, rnitochondnd, nemotransm* system and synaptic genes 

were identified as candidates. Genetic association studies with selected candidate genes 

demonstrated a statistically significant association with schizophrenia. Ongoing studies 

are underway to assess linkage to other candidate genes identified in these rat 

schizophrenia models. The identification and characterization of the unknown candidate 

cDNA's is another area of study. The results of these studies may permit exploration of 

possible mechanisrns or disturbances in brin function that are related to the 

pathophysiology or etiology of schizophrenia. 
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1. Introduction 

"It is the brain too which is the seat of madness and delirium, of the fears and frights 
which assail us, often by night, but even sometimes by day; it is there where lies the 
cause of insomnia and sleep-watking, of thoughts that wiIl not corne, forgotten duties and 
eccentricities." 
Hippocratcs, The Sacred Disease 

1. I Prelude 

This thesis describes several years of experiments intended to find genes related 

to the cause of schizophrenia or to the process by which the symptoms of schizophrenia 

arise. This is undoubtedly a grandiose goal, sought by many, yet constant in its 

elusiveness. The results may be interesting to same. but are far from conclusive. Several 

assumptions are required to justiQ the work undertaken in the following chapters. First. 

that schizophrenia is a disease, in the classical sense. It has a pathology that may be 

found, that in tum upsets the normal physiology of the brain, and leads to the symptoms 

that anyone can recognize. Second, that it may be possible, with the tools available. to 

find this pathology. specie its features and to use this understanding to make the 

comection between pathology and clinical presentation. And third, that understanding 

what causes schizophrenia, why people get it, and how it works, will lead to better 

treatments. 

Some unscientific but important issues are raised by schizophrenia and the study 

of it. The rest of this thesis will be more rigorous in its text, but perhaps some expansive 

reflections beforehand will be usem. Science does not operate in a vacuum. but in a 

social context, a context ignored at the penl of dl. as history has demonstrated. 

Schizophrenia and other mental illnesses are interesting not just to scientists, as the 



plethora of books and movies about people wïth mental disorders, and about 

psychiatrists, attest. Concern about violence perpetrated by people with mental illness 

generates newspaper headlines, as do government mental heal th policies. 

The modem conceptualization of schizophrenia is usually credited to Kraepelin 

(Kraepelin 197 1) and Bleuler (Bleuler 1950) whose descriptions in the early 2oLh centus. 

emphasize the feanires of the illness that are codi fied in contemporary diagnostic cntena 

such as the Diagnostic and Statistical Manual of Mental Disorders (DSM) (DSM-IV 

1994) and International Classification of Disease ([CD-1 0) (WHO 1992). Debate about 

the prevalence of schizophrenia in earlier times continues (Gottesman 1991). but is 

unlikely to be resolved given the paucity of reliable documentation. Although 

Hippocrates, for example. gives descriptions of epilepsy and depression that any medical 

student would recognize. no such description of schizophrenia is found in his writings 

(Hippocrates 1978). The question of whether the existence or prevdence of schizophrenia 

has changed over time is matenal to the search for the cause of this illness. since current 

mainstream scientific opinion is that schizophrenia has a neurobiological and genetic 

basis, with environrnent being a modulating factor but not the primary cause (Lewis and 

Lieberman 2000). Certainly. descriptions of madness, insanity and psychotic expenences 

such as hallucinations, permeate non-medical witings fiom many cultures since ancient 

times. 

It may be that the epistemologicai climate of Western thought in the 19" centwy 

was required to see schizophrenia as an illness. A materialist view of mind being the 

product of a functioning brain (Bunge 1980), and the idea of unintentional abnormal 

mental experiences, is central to a medical approach to al1 mental illness, not just 



schizophrenia. The very defmition of detusions is probfernatic without our cwent 

scientific and largely secular world-view (Foucault 1965). Themes that aise often in 

schizophrenic delusions include delusions of control that today cm be manifest as the 

belief that a microchip has been implanted in one's teeth. brain or other body part. The 

microchip is being used to control the patients' actions or thoughts and might be directed 

by the same source fiom which the auditory hallucinations emanate. Patients tell of 

telepathic mind control, witches casting spells, epic banles between good and evil waged 

with the patient as protagonist and being the Messiah, Mohammed or Bhudda. These are 

obviously delusions to doctors and scientists today, but why? We think these things are 

"false, fixed beliefs." But much of mainstrearn religious belief, and past scientific theory. 

is qualitatively very similar to common delusions. Hippocrates explained that "rnoisture" 

aversely affected brain function to produce madness (Hippocrates 1978). Christ rose fiom 

the dead on Easter Sunday. and Apollo spends each day dragging the reluctant sun across 

the sky. The bible relates the story of buming bushes and water ~ m e d  into wine, sundry 

cults promise reincarnation and voodoo rituals are still practiced in some areas of the 

world. 

We exclude beliefs as delusional if they are congruent with "bcultural noms". and 

this highlights the importance of context in the definition of psychosis. How would one 

demonstrate psychotic thinking in a prehistoric era where language was not even an idea 

(Donald 199 l), and the weather and seasons were entirely mystenous. Much of symptom 

definition in schizophrenia relies on the presence of language and other advanced. and 

presumably unique human abilities. It is impossible to fïnd animal schizophrenia using 

our present diagnostic critena - in contrast to 'bnon-psychiatric" diseases like diabetes or 



neoptamr, forflthich the sme diagnostic criteria cmr idenasr the di- in both humans 

and animals. Crow proposes that the evolution of language was necessary to develop 

schizophrenia, because cerebral dominance, language and schizophrenia are inextncably 

linked to a single brain system (Crow 2000). So, perhaps schizophrenia has aiways been 

there, but no-one noticed, or maybe schizophrenia is a new disease. 

The relationship of human behaviour to free will, volition and consciousness has 

been a rich source of matenal for philosophers (Nietzsche 1966), priests, the courts and 

now psychiatrists. These issues. while perhaps not controversial among most 

neuroscientists today, have not been entirely resolved. In recent history, rather dramatic 

shifts in the conceptualization of insanity and schizophrenia have included everything 

from evil spirit possession (Getz 1998) to psychodynamic neurosis (Arieti 1974). The 

assumption that some kind of molecular, cellular or other pathology underlies senous 

mental disorders will only be  confirmed when the pathology is found. 

Schizophrenia could be more accurately referred to as "the schizophrenias" 

(Carpenter, Kirkpatrick et al. 1999). Two people who have the symptoms of 

schizophrenia and are diagnosed as such do not necessady share the same brain 

pathology or disease etiology. Metachromatic leukodystrophy (Hyde, Ziegler et al. 1992). 

mitochondrial encephalomyophathies (Yarnazaki, Igarashi et al. 199 1 ) and complex 

partial epilepsy of temporal lobe origin (Diehl 1989) can produce psychotic syrnptoms 

without obvious physical symptoms. This demonstrates that diagnostic cnteria for 

schizophrenia can be met by diseases of disparate origin, and these diseases would have 

been diagnosed as schizophrenia before their cause was understood (Torrey 1980). In fact 

these three examples wouid be diagnosed as schizophrenia today, if not for the explicit 



exchision criteria of syrnptoms due to a &generat medical condition." Indeed the DSM 

criteria themselves harbour an interesting paradox. If schizophrenia is diagnosed only in 

the absence of organic pathology, then why are we using these cnteria in research studies 

aimed at finding the presurnably neurobiological cause of schizophrenia? The "cause" of 

schizophrenia is unlikeiy to be a singular "discovery". but rather a process of erosion in 

which the etiology of syrnptoms in subsets of people with schizophrenia is discovered, 

until gradually. more causes of chronic psychosis are known. 

Genetic studies of schizophrenia almost always use standard DSM or ICD 

diagnositic criteria to define cases. If schizophrenia really is a collection of diseases that 

share a comrnon phenomenology. then grouping them together as a single diagnosis in 

genetic studies raises important questions. Significant association or linkage between the 

syndrome of "schizophrenias" and a given gene or chromosomal region may identiQ 

genes that affect vulnerability to psychosis in many conditions, that are not responsible 

for the unique pathology of each "type" of schizophrenia. The grouping of al1 cases of 

chronic psychosis of unknown origin together as schizophrenia also has the potential to 

reduce the power of genetic studies in general, since the effect of a given gene in causing 

a particular type of chronic psychosis may be diluted by the inclusion of other types of 

psychosis that have a different etiology. 

Another assumption in neuroscience and psychiatry research is that the prevailing 

paradigm in modem biology is suflicient to understand something very cornpiex like the 

brain. The link fiom gene to protein to structure to function -genetic determinism- may 

not be df ïc ient  to understand the complex mental functions that are S e c t e d  by 

schizophrenia (Lewontin 199 1 ; Strohman 1 997). Computer simulated neural networks 



have emergent properties that cannot dways be determined by the starting parameten 

( H o h a n  1999). Thus, although there is nothing unscientific in the workings of these 

nets. their behaviour can be unpredictable in more than a stochastic sense. Admittedly. 

these neural networks are simplistic and not very accurate simulations of brain fùnction. 

but that is the point. Even simple systems cm have complex emergent properties. and our 

current conception of biological functioning does not yet have a suitable way of 

describing these phenomena. In c h e m i s ~  and physics, this problem of emergent 

properties is well knovm, but still unsolved. Superconductivity, the behaviour of glass. 

and the self-assembly of micelles cannot be explained on the bais  of the constituent 

elements (Laughlin and Pines 2000). This b'mesoscopic" (Laughlin. Pines et al. 2000) 

organization is poorly understood, and while the connection to problems of thought and 

consciousness may be circumstantial, the analogy is that brain organization. far more 

complex than that of these simple systems. may not be understandable within our current 

principles. 

The above seem to argue that this thesis project is futile. However, even if the 

pathophysiology of psychotic expenence cannot be undentood in terms of genes. or 

protein function, there is much to learn about brain function from a conventional 

perspective. Uncovering genes related to schizophrenia may not lead to a complete 

understanding of the illness, but may provide the foundation for studying emergent brain 

properties, that does after d l ,  require knowledge of the constituent parts. 



1.2 Schitophrenh: phenomenotogy 

Schizophrenia is a devastating illness that strikes at some of the most advanced 

functions of the human brain. Syrnptoms can be divided into three main categories: 

psychotic or "positive" symptoms, deficit or "negative" symptoms. and cognitive 

impairment (Kelly, Sharkey et al. 2000). Psychotic symptoms are a feature of many brain 

diseases but are often the most unsettling and obvious symptom to others when 

interacting with a patient who has schizophrenia. Psychotic symptoms fa11 into three main 

groups: hallucinations, delusions. and thought disorder. The negative symptorns consist 

of severe disturbances in social interaction, motivation, expression of affect. ability to 

expenence pleasure, and spontaneous speech (Hales, Yudofsky et al. 1994). Cognitive 

impairment in schizophrenia affects executive function, attention, memory. and general 

intellectual bctioning (Weickert, Goldberg et al. 2000). The negative and cognitive 

symptoms are more persistent and chronic, while the psychotic symptoms have an 

episodic pattern. that when active are usually the impetus for hospitalization (Aadreasen 

1995). The DSM-IV diagnostic critena for schizophrenia are summarized in table 1.1 

(DSM-IV 1994). 



Tabte X.1 Diagnostic criteria for Schizophrenia 

.4. Characteristic symptoms: Two (or more) of the following, each present for a significant portion of 
t h e  during a 1-month period (or less if successfully treated): 

( 1 ) delusions 
(2) hallucinations 
(3) disorganized speech (e.g., fiequent derailment or incoherence) 
(4) grossty disorganized or catatonic behaviour 
(5) negative symptoms, Le., affective flattening, alogia, or avolition 

Note: Only one Criterion A symptom is required if d~lusions are bizarre or hallucinations 
consist of a voice keeping a running commentary on the person's behavior or thoughts. or 
two or more voices conversing with each other 

B.  SociuUoccupational dysfiutcrion: 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 leveI 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. and 
may include periods of prodromal or residual periods. During these prodromal or residual periods the 
signs of the disturbance may be rnanifested by only negative symptoms or two or more symptoms 
listed in Criterion A present in an attenuated form. 

D. Schi=oa@iective and Mood Disorder exclusion: Schizoaffective Disorder and Mood Disorder With 
Psychotic Features have been mled out because either (1)  no Major Depressive, Manic. Mixed 
Episodes have occurred concurrently with the active-phase symptoms; or (2) if rnood symptoms have 
occuned during active-phase symptoms, their total duration has been brief relative to the duration of 
the active and residual periods 

E.  Substancdgenerul medical condition excIusion: The disturbance is not due to the direct 
physiological effects of a substance or a general medical condition. 

F .  Relationship to a Pervosnte Oevelopmental Disorder: if there is a history of Autistic Disorder or 
another Fervasive 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). 

Hallucinations in schizophrenia are usually in the form of auditory hallucinations 

of hurnan speech: "hearing voices". These voices rnay be single, or multiple; they may be 

clear or unintelligible, and they may be the voices of family, fiiends, strangers or God. 

The voices may comment on the patient's actions or thoughts. or multiple voices may 

converse about the patient in the third person. Perhaps most dramatic are voices that 



commmd the patient tcr action, sometimes to commit terrible, ego-dystdc violence 

(Andteasen and Black 199 1 ; Spitzer, Gibbon et al. 1994). The voices rnay be intimately 

comected to the content of the delusions. and rnay even be perceived as the voice of the 

instigator of the delusional system of thought. Ironicaily, patients rnay see the voices as 

the entity "that is dnving me crazy" or "that gave me schizophrenia." One of the author's 

patients, who is congenitally deaf, gives a clear description of "hearing voices" that 

command him not to read his bible. as he likes to do. This patient, similar to many with 

schizophrenia. believes that the voices belong to his neighboe, and that they conspire to 

monitor and interfere with his life inside his apartment. This case illustrates that 

hallucinations do not depend on a functioning sensory system, and that the 

pathophysiology of hallucinations may involvc other brain areas. 

The delusions typical of schizophrenia are labeled paranoid, and include delusions 

of persecution, grandiosity, external control, having thoughts inserted or withdrawn from 

one's head, ideas of reference and mind-reading. Delusions of persecution rnay become 

entrenched in a delusional system, in which most everyday events take on significance as 

part o f  a conspiracy against the patient. The content of the delusions takes cues from the 

patient's life and culture (Tateyarna, Asai et al. 1993; Stompe, Friedman et al. 1999). 

Muslim patients rnay believe they are Moharned, while Christian patients think they are 

Jesus. If originally from the former Soviet-bloc countries. they rnay fear the KGB or 

Stassi, while Canadian patients perceive surveillance fiom the RCMP and Amencans 

thuik the C M  is following them. The delusions may be bizarre, and contain supernaturai 

or paranormai ideas gleaned fiom movies or TV. E.xtraterrestria1 alien interference, 



implantecf etectronic devices, and other sc:ence fiction topics seem to be common in the 

substance of delusions (Kaplan, Saddock et al. 1994). 

Thought disorder may be described dong a spectnim of severity. with tangential 

and circumstantial thinking at the milder end, and loosening of associations and word 

salad at the more extrerne end. These thought form abnormalities can be seen as a 

progressive fragmentation of the normative, logicd progression of ideas characteristic of 

an intact intellect. Thinking and behaviour may also be extremely disorganized. with 

significant impact on patients' ability to attend to basic needs (Andreasen 1995). 

None of these symptoms alone are diagnostic for schizophrenia, and in fact the 

way the DSM criteria are structured allows for the possibility that two patients with 

schizophrenia may not overlap in their presentation (Andreasen 2000). The question of 

what clinical deficit is central to schizophrenia remains unanswered. Attempts to sub- 

classi@ schizophrenia as predominantl y disorganized ("hebephrenic") paranoid or 

catatonic (Fenton and McGIashan 199 1 ). or into predorninantly positive or negative 

subtypes have not correlated with response to treatrnent or other outcornes (Marneros. 

Rohde et al. 1995). Problems of a cognitive nature - difficulty in filtering and sorting 

sensory experience. or in correctly attributing meaning to events and the intentions of 

others - may be a more fundamental. if less stnking deficit in schizophrenia (Lewis and 

Lieberman 2000). This is discussed M e r  in section 1.4 on Neuropsychological 

abnomalities. 



1.f Sch~zqphreïrio: a nojm pubtic-heahk c m c m  

Schizophrenia has a lifetime prevalence of 1.4 to 4.6 per 1000 in al1 populations 

in the world, and an annual incidence of between O. 16 to 0.42 per 1000 population 

(Jablensky 3000). Symptoms usually begin in late adolescence or early adulthood, but 

later onset cases are possible. Males have been thought to develop schizophrenia at an 

earlier age, but this finding is not consistent across different countries and al1 ages of 

onset (Jablensky 2000). The proportion of patients who improve or recover. increases 

with length of follow-up, reaching 60% at 32-years in a retrospective follow-up study of 

patients from a state hospital (Harding, Brooks et al. 1987). These figures are in contrast 

to the traditional view that patients face a deteriorating and chronic prognosis. Outcome 

in industrialized counvies is usually woee than in developing or 'Third Worid' countries 

(Kulhara and Chandiramani 1 988; Ohaeri 1993). The WHO ten-country study found 

significantly better outcomes (based on a combined index of the course of illness. total 

duration of psychotic episodes. quality of remissions, and degree of social impairment) in 

Nigeria, India and Columbia in cornparison to developed countries including the United 

States, Japan and England. Better outcomes were seen in female patients and in those 

with more social supports (Jablensky, Sartonus et al. 1992). 

Neuroleptics in conjunction with psychosocial rehabilitation have a substantid 

effect in reducing relapse (Hogarty 1993). Newer antipsychotic medications may have 

some advantages over conventional neuroleptics, mainly in reduced extrapyramidal side- 

effects, but appear to be equaliy effective (Geddes, Freemantle et al. 2000). Despite the 

clear efTects of antipsycho tics in reducing the symptoms of schizophrenia, many patients 



continue to expeRcnce r~lapscs and rem hospitatnatim thughout the course of their 

illness (Herz, Larnberti et al. 2000). 

Because of the chronic nature of schizophrenia, its severity, and its early onset. 

the financiai costs to society outpace more common illness. Direct costs of care have 

been estimated at USS46.6 billion in the United States in 1990, accounting for nearly 3% 

of total health expenditures (Rice. Kelman et al. 1990). These figures are disproportionate 

to the cost of affective disordea. which are ten times more common (prevalence 9.5%), 

but had direct costs of US30.4 billion (Rice 1999). In the UK in 1992-93, direct costs 

incurred in caring for people with schizophrenia were U U 8  IO million, accounting for 

2.76% of total health expenditures by the National Health Service. Inpatient care for 

schizophrenic patients accounted for 5.37% of the total hospital costs in the UK (Knapp 

1997). Income lost due to the illness, and expenses borne by the family, the legal system. 

and charitable and cornmunity organizations are difficult to estimate, but are in addition 

to the cost of providing medical care. medications and government social services. In 

contrast, diabetes in the UK and Wales in 1984 was estimated to cost UKf 259.5 million 

in both direct and indirect costs, excluding lost wages due to illness-related absrnteeism 

(Gerard. Donaldson et al. 1989). Years of life lost to disability is greatest for mental 

illnesses in generai. as compared to years of life lost, which are mostly due to 

cardiovascular illness and cancer (Melse, Essink-Bot et ai. 2000). In Canada, direct costs 

of care totaied $1.1 2 billion in 1996, with another S 1 -23 billion in lost productivity 

attributed to schizophrenia (Goeree, O'Brien et al. 1999). The landmark World Bank and 

WHO study nte Global Burden of Disease, reported that schizophrenia ranks f i f i  among 



kading causes o f  disabifity in established market economies and 9& worldwide (Murray 

and Lopez 1996). 

Schizophrenia is an expensive illness, especially in industrialized nations where 

the symptoms are incompatible with the highly structured nature of the workplace, and 

where social expectations are high. Of course, patients and their families are more than 

debits in the ledger of health care costs, and suffer. as al1 victims of senous illness do. 

Yet the disease has uniquely painfûl consequences as well. Schizophrenia stluts just at the 

time in life when promise and potential are at its height, making the emergence of 

symptoms al1 the more devastating. Entering college, leaving home and joining the army 

are comrnon precipitating scenarios. The syrnptoms alter personality and disrupt or sever 

close relationships with farnily and friends. Thus while cancer is a terrible disease, the 

affected patient is still able to be the same person, with their illness. Schizophrenia 

changes the person who has it. and families want treatments not just to improve syrnptom 

rating scales and quality of life indices, but to restore the person they once knew. By this 

measure. our current treatments are surel y lacking (Schultz and Ancireasen 1 999). 

1.4 NeuropathoCogy of Schizophrenia 

No diagnostic neuropathology has been identified for schizophrenia despite 

extensive investigations for a hundred yean. Group differences between schizophrenics 

and normal or other mental illness controls have been documented, but the degree of 

overlap with controls, and the non-specific nature of these differences preclude the use of 

these abnormalities clinically (Roberts 1 99 1 ; Hanison 1999). The findings are discussed 

in this section, and are grouped into the following categones: macroscopic pathology, 



histoIogy, neurochemicai findïngs, fiuictiond neuroimagiig and gene expression. The 

rnost consistent findings are sumrnarized below in table 1.2: 

Table 1.2 Neuropathological findings in schizophrenia with selected 
references. 

Neuropatho logical finding positive fmdings negative or equivocal findings 

Decreased conical volume especiaily 

in temporal cortex and increased 

ventricular size (pathological studies) 

Decreased cortical volume especially 
in temporal cortex and increased 
ventricular size (imaging studies) 

Decreased hippocampal and 

cortical neuron size 

Fewer neurons in the hippocarnpus 

Abnomal laminai- distribution of 
neurons in temporal cortex 

Bogerts, Meertz et al. 1985 

Brown, Colter et al. 1986 

Pakkenberg 1 987 

Fakai, Bogerts et al. 1988 

Bntton, Crow et al. 1990 

Vogeley, Wobson et al. 1998 

Johnstone, Crow et al. 1976 
Haug 1982 
Zipursky, Lim et al. 1992 
Lirn, Tew et al. 1996 
Cannon, van Erp et al. 1998 
Gur, Cowell et al. 1998 
Lawrie and AbukrneiI 1998 
reviewed by McCarley 1999 

Benes, McSparren et al. 199 1 

Arnold, Franz et al. 1995 

Zaidel, Esiri et al. 1997 

Roberts, Cofter et at. t 986 
Stevens, Casanova et al. 1988 
Casanova, Stevens et al. 1990 
Arnold, Franz et al. 1996 

Pakkenberg 1990 
Blennow, Davidsson et al. 1996 
Danos, Baumann et al. 1998 

Jakob and Beckmann 1986 
Arnold, Hyman et al. 199 1 
Benes, McSparren et al. 199 1 
Conrad, Abebe et al. 199 1 
Akbarian, Bunney et al. 1993 

Rosenthal and Bigelow 1972 

Heckers, Heinsen et al. 1990 

Pakkenberg 1990 

Dwork 1997 

Benes. Davidson et al. 1986 

Christison, Casanova et al. 1989 

Fismat 1975 
Stevens 1982 

Akil and Lewis 1997 
Krimer, Heman et al. 1997 



Decreased perfusion and 
metabolism in fiontal regions 

lncreased striatal D2 receptors 

Increased dopamine content 
or metabolism 

Ingvar and Franzen 1974 Gur, Gur et al. 1985 
Kurachi, Kobayashi et al. 1985 Gur 1995 
Berman, Zec et al. 1986 
Weinberger, Berman et al. 1986 
Geraud, Ame-Bes et al. 1987 
Mathew. Wilson et al. 1988 

reviewed by Laruelle 1998 

Lamelle. Abi-Dargharn et al. 1996 
Breier, Su et al. 1997 
Abi-Dargharn, Gil et al. 1998 
Ginovart, Farde et al. 1999 

Decreased 5-HTL4 receptors Reviewed by Harrison 1999 

Decreased expression of synaptic Arnold, Lee et al. 1 99 1 
and neuronal marker Cotter, Kerwin et al. 1997 

genes and proteins Harrison and Eastwood 1998 
Young, Anma et al. 1998 
Kanon, Mrak et al. 1999 
Eastwood, Cairns et al. 2000 

The braio areas implicated in schizophrenia include the Frontal lobes, and in 

panicular the dorsolateral prefrontal cortex, which is involved in cognitive functioning 

and emotions. The prefrontal cortex infiuences the initiation, pIanning and organization 

of complex tasks, and also regulates behaviourd impulses. The temporal lobes have also 

been implicated in schizophrenia and several important matornical areas are part of. or 

are near the temporal lobe. especially those of the limbic system. The hippocampus is a 

deep structure that runs the length of the temporal lobe and it is crucial for foming and 

consolidating mernories. It receives inputs h m  areas of the cortex known as the limbic 

association areas, specificaily the entorhinal cortex, located on the mediai surface of the 

temporal lobe. The amygdala is another deep temporal lobe structure that covers the 

anterior pole of the hippocampus. It controls viscerai emotions like fear, and integrates 



these respmses with s e m q  Ssmufi. m e r  cortical asso&m areas televant to 

schizophrenia include the cingulate gynis (located imrnediately above the corpus 

callosurn), the parahippocarnpal gynis (posterior to the entorhinal cortex), and the orbital 

and temporal pole cortices. The limbic association cortex is involved in leaming, memory 

and emotion, and like other association areas, lies outside the primary motor or sensoty 

cortical areas. The parietal-temporal-occipital association cortex lies at the juncture of 

these three lobes and integrates sensory information, making it crucial for perception. The 

limbic structures form a '-C" shape around the medial and inferior surfaces of the 

temporal and Frontal lobes that surrounds the lateral ventricles (Martin 1996). 

1. d I ~Wacroscopic Neuropathology in Schizophrenia 

Most postmortem studies of schizophrenics reveai decreased brain weight and 

increased ventricular volume. These studies also suggest that the temporal lobe and the 

corresponding temporal hom of the lateral ventricle are the most affected (Bogerts. 

Meertz et al. 1985; Brown, Colter et al. 1986; Pakkenberg 1987; Falkai. Bogerts et al. 

1988; Bruton. Crow et al. 1990; Vogeley, Hobson et al. 1 998). Other studies however. 

fmd no significances in brain or ventricular size (Rosenthal and Bigelow 1972; Heckers. 

Heinsen et al. 1990; Pakkenberg 1 990; Dwork 1997). 

A large number of studies using CT and more recently MRI have c o n h e d  that 

there are widespread cerebral gray matter volume deficits in schizophrenia when 

compared to normal control subjects (Zipunky. Lim et al. 1992; Cannon, van Erp et ai. 

1998; McCarley. Wible et al. 1999). These are present even in fim episode cases before 

treatment might have afTected the findings (Lim, Tew et ai. 1996; Gur, Cowell et al. 



1998; Zipursky. Lambe et d. 1998). tateral and third ventricular vo~ume is increased in 

schizophrenia (Johnstone. Crow et al. 1976; Haug 1982), although there is no correlation 

between ventncular size and degree of cortical volume loss (Ward, Friedman et al. 1996). 

The magnitude of the increased ventricular size in schizophrenics varies among reports. 

but a meta-analysis shows an effect size of 0.70, indicating that 43% of cases and 

controls do not overlap (Raz and Raz 1990). This effect is not due to a subgroup of cases, 

but rather is distributed normally among schizophrenic patients (Daniel, Goldberg et al. 

199 1). The decrease in cortical volume appears to be most pronounced in the temporal 

lobe (Nelson. Saykin et al. 1998). especially in the medial structures (Lawrie and 

Abukrneil 1998). 

Relatives of schizophrenics also have decreased corticai volumes (Cannon, 

Mednick et al. 1993) and enlarged ventricles (Honer. Bassen et al. 1994: Sharma, 

Lancaster et al. 1998; SiIverrnan, Smith et ai. 1998: Lawrie, Whalley et al. 1999). In 

monozygotic twins discordant for schizophrenia. the affected twin tends to have less 

cortical volume (Noga. Bartley et al. 1996), and larger ventricles (Reveley, Reveley et al. 

1982; Suddath. Christison et al. 1990). These Finding suggest that the macroscopic 

structural changes seen in schizophrenic brain rnay reflect the underlying genetic 

vulnerability to the illness. and that the magnitude of the changes is correlated with 

clinical expression of symptoms. in fact, the degree of thought disorder and severity of 

auditory hallucinations is correlated with superior temporal g y w  size (Barta Pearlson et 

al. 1990; Shenton. Kikinis et al. 1992; Marsh, Harris et al. 1997). 



1. X 7 Fiîsto~ogica~ Pathoïogy in Schïzophrenïa 

There are robust histoIogical findings in schizophrenia, although meta-analyses 

have yet to confirm hem as with structural imaging findings. Neurons in the cortex and 

the hippocampus are reduced in size, gliosis is not an intrinsic feature of schizophrenia. 

and there are fewer neurons in the dorsal thalamus. Less robust findings include reduction 

in synaptic and dendritic markers. and maidistribution of white natter neurons. More 

controversial are reports of disarray and loss of hippocampai neurons, and of dysplasia in 

the entorhinal cortex (Harrison 1999). 

The reduced size of hippocampai neurons in schizophrenia was reported in 

several well-executed studies (Benes, McSparren et al. 199 1 ; Arnold. Franz et al. 1995; 

Zaidel, Esiri et ai. 1997). and supported by findings of decreased prespaptic and 

dentritic markers such as SNAP-25 (Young, Anma et al. 1998). cornplexin II (Harrison 

and Eastwood 1998). and microtubule associated protein MAP-2 (Arnold, Lee et al. 

1 99 1 ; Cotter, Kenvin et al. 1997). Magnetic resonance spectroscopy (MRS) studies of N- 

acetyl-aspartate O\IAA) as a neuronal marker are consistent with the above studies as 

well. Reduced levels of NAA have been found in the dorso-lateral prefrontal cortex 

(DLPFC) and hippocampus in schizophrenia (Maier, Ron et al. 1995; Bertolino. Nawroz 

et al. 1996; Deicken, Zhou et al. 1997; Deicken, Zhou et ai. l!W8), and are present in 

unrnedicated patients (Bertolino, Callicott et al. 1998; Cecil, Lenkùiski et al. 1999). The 

number of thalarnic neurons is consistently reduced in both the mediodorsal nucleus 

(Pakkenberg 1990), and arnong parvalbumin-positive thalamocortical projection neurons 

(Danos, Baumann et al. 1998). This is bolstered by immunoblot experirnents 

documenting decreases in rab-3a, a synaptic protein (Blemow, Davidsson et al. 1996). 



Some earfier studies reported gliosis (Fisman tW5; Stevens l982), but more 

recent and numerou reports refute this. Traditionally associated with degenerative 

disease, and not usually scen before the third trimester (Larroche 1984), the absence of  

gliosis is a convincing argument for a neurodevelopmental rather than neurodegenerative 

process underlying schizophrenia, and is supported by a number of studies (Roberts. 

Colter et al. 1986; Stevens, Casanova et al. 1 988; Casanova, Stevens et al. 1990; Arnold, 

F m  et al. 1996). Furthemore. the presence of gliosis. when observed in the brains of 

schizophrenic patients, may be due to other concurrent pathology (Bruton. Crow et al. 

1990). Different techniques are used to assess the presence of gliosis. and the anatomical 

regions shidied have varied, so the results of different groups are not always directly 

comparable (Harrison 1999). 

There are intriguing reports of cytoarchitectural abnormalities in the cortex of 

schizophrenic patients (Arnold, Ruscheinsky et al. 1997; Zaidel. Esiri et al. 1997; Benes. 

Kwok et al. 1998; Senitz 1999). Experirnents with Nissl stained sections have found: a 

disorientation of pyramidal cells in the hippocampus (Conrad, Abebe et al. 199 1): a 

decrease in ce11 density in layen I and II of the rostral entorhinal cortex (in the arnygdala 

and pes hippocampus); incomplete glomerular clustenng in layer II; and abnormal 

clustering in deeper cortical layers (Jakob and Beckmann 1986; Arnold, Hyman et al. 

19% ; Benes, McSparren et al. 199 1 ). There are also decreased numbers of GABAergic 

neurons in the PFC, with more pyramidal cells in deeper layers (Benes 1993). 

Histochemical assay with NADPH-diaphorase identifies a sub-population of neurons that 

are shifted inwards (into deeper fayers) in their laminar distribution, with reduced density 

in superficial layers and increased density in deeper layers (Akbarian, Bunney et al. 1993; 



Akbarian, Vinueia et al. 1995). However, two carefully designed studies did not find 

significant cytoarchitectural abnormalities in schizophrenia (Akil and Lewis 1997; 

Krimer, Hennan et al. 1997). 

These findings have led to interesting cornputer-simulation neural net 

experirnents, in which the decrease in ce11 density in the superficial cortical layers has 

been modeled (Hoff-inan 1999). In simple pattern-recognition nets designed to simulate 

auditory word recognition. the pattern of ceil loss seen in schizophrenia results in 

spontaneous mis-identification of words that had not been sent as inputs (Hoffman and 

McGlashan 1993). These mis-recognitions could be interpreted as similar to 

hallucinations, in which sensory stimuli fiom the environment are perceived in the 

absence of any real sights or sounds (Hoffman, Rapapon et al. 1999). While the 

biological accuracy of these neural net models is limited, these experiments suggest an 

explanation for how the diffuse and nonspecific pathology of schizophrenia might lead to 

complex syrnptoms. 

1.4.3 NeurochernicaZ Pathology in Schizophrenia 

Antipsychotics are effective most of the time in reducing psychotic symptoms. 

and dopamine recepton are a major target for these dmgs. Amphetamine and cocaine can 

induce psychosis, and these dmgs release or inhibit the reuptake of dopamine 

respectively. ïhese observations led to the "dopamine hypothesis" of schizophrenia 

which posits that hyperactivity of the dopamine system is responsible for the psychotic 

symptoms (Seernan 1987). However. evidence that an over-active dopamine system is 

significant in the etiology of schizo phrenia remains inconclusive. 



Recent evidence from PET studies has suggested that hyperactivity of 

dopaminergic transmission is present in schizophrenics. Amphetamine-induced dopamine 

release in the striatum. DOPA decarboxylase activity, and D2 receptor density in the 

striatum appear to be elevated in patients with schizophrenia as compared to normal 

controls (Lamelle, Abi-Dargham et al. 1996; Breier, Su et al. 1997; Abi-Dargham, Gil et 

ai. 1998; Ginovart, Farde et al. 1 999). A meta-analysis of studies with dmg-fiee and 

neuroleptic-naïve patients confirms these results (Lanielle 1998). Abnormal presynaptic 

dopamine metabolism in drug-free schizophrenic patients has also been demonstrated 

(Elkashef, Doudet et al. 2000). However. much of the increase in receptor nurnber and 

metabolic activity may be related to antipsychotic treatment (Zakzanis and Hansen 1998). 

since some studies in neuroleptic-naïve patients do not confïrm these findings 

(Nordstrorn, Farde et al. 1995). D4 receptor density was reported to be elevated in 

schizophrenic patients, independent of medication effects, but was subsequently 

attributed to binding to raclopnde insensitive D2-receptor sites (Reynolds 1996; Seeman. 

Guan et ai. 1997; Wilson, Sanyal et al. 1998). 

The serotonin and glutamate neurotransmitter systems have also been studied in 

schizophrenia; serotonin becaw it is a target of some newer antipsychotic dnigs. and 

NMDA because antagonists such as phencyclidine (Halberstadt 1995) and ketamine can 

cause or exacerbate psychotic syrnptoms (Lahti, Koffel et al. 1995). Decreased cortical 5- 

HTr4 receptor density (Harrison 1999), and increased 5-HTiA receptor density have been 

reported (Bumet. Eastwood et ai. 1997). ï h e  expression of hippocarnpal non-NMDA 

recepton may be decreased (Kerwin, Patel et al. 1990; Eastwood. Kerwin et al. 1997; 

Porter, Eastwood et ai. 1997), and in the cortex, the expression of some NMDA receptor 



nrbmiits may be increased. Less convhcing evidence of increased gfotamate uptake in 

the fiontal cortex, and decreased cortical glutamate release has also been found 

(Tarnrninga 1998). No evidence of AMPA receptor changes in schizophrenia have been 

fond  (Healy, Haroutunian et al. 1998). 

I .  4.4 Fzrnctional Imaging in Schizophrenia 

Functional imaging studies may be divided into those that measure activity in the 

resting state, during the presence of symptoms, during cognitive tasks. and with task or 

pharmacological provocation of psychotic syrnptoms (Fu and McGuire 1999). ' "xenon 

inhalation cerebral blood flow (CBF) studies have shown Iess anterior CBF in 

schizophrenia, referred to as  "hypofrontality"(Ingvar and Franzen 1974). The normal 

pattern of CBF is increased in anterior relative to posterior regions. Although results are 

not entirely consistent (Gur, Gur et al. 1985; Gur 1995), most groups have replicated the 

onginal findings (Kurachi. Ko bayashi et al. 1985: Berman. Zec et al. 1 986; Weinberger, 

Berman et al. 1986; Geraud. Arne-Bes et al. 1987; Mathew. Wilson et al. 1988). 

Positron emission tomography (PET) studies con fm that hypofrontality is seen 

in both chronic (Brodie, Chrismian et al. 1984; Farkas, Wolf et al. 1984; Kim, Moharned 

et al. 2000) and never medicated fmt-episode patients (Vitq Bressi et ai. 1995). and is 

also correlated with negative symptoms (Ancireasen, Rezai et al. 1992). Some studies find 

that the prefkontal cortex (Vita, Bressi et al. 1995) or the lefi fiontal cortex (Buchsbaum. 

Ingvar et al. 1982), are particularly afXected, although there are many studies that do not 

find hypofrontality in schizophrenic patients (Szechtmm, Nahmias et al. 1 988; Cleghom. 

Garnett et al. 1989; Ebmeier. Blackwood et al. 1 993). Treatrnent with antipsychotic 



medicaticm appears to increase attMty in the baai gangfia (Broche, Chriman et d .  

1984; Szechtman, Nahmias et al. 1988; Wik, Wiesel et ai. 1989; Miller, Andreasen et al. 

1997). leading some to suggest that hypofrontality in the resting state is an effect of 

antipsychotic treatment (Holcomb, Cascella et al. 1996). 

Decreased activity in frontal cortex in schizophrenic patients is observed during 

various cognitive tasks known to involve the frontal lobes (Blackwood. Glabus et ai. 

1999; Nohara, S d  et ai. 2000), and is ais0 found in anatomicaily comected temporal 

and parietal regions (Andreasen, O'Leary et ai. 1997). In some studies. the perfusion 

deficit in frontal regions rnay be correlated with decreased performance of the cognitive 

task. Hypo fiontai metabolic activity measured with '8~-fluouro-deoxyg1ucost: ( "FDG) 

PET is seen during a serial verbal learning and recall task in unmedicated schizophrenic 

patients, and the degree of deficit correlates with impairment in some fictions (Hazlett. 

Buchsbaum et al. 2000). Schizophrenic patients asked to perform a graded memory task 

showed decreased prefrontal CBF only when their performance detenorated, in one study 

using H2 ''0 PET to mesure regional CBF (Fletcher, McKenna et al. 1998). Another 

study found no hypofrontality in schizophrenic patients during cognitive tasks in which 

their performance is matched with controls. However, these schizophrenic subjects failed 

to show a norrnal reduction in superior temporal CBF when the task changed from verbal 

fluency to word repetition (Frith, Friston et al. 1995). 

However, some studies find hypofiontality in schizophrenic patients with 

cognitive :asks in which their performance is matched with that of controls. 

Schizophrenic patients show less activation of the antenor cingdate regions during an 

auditory recognition task in which their performance is the sarne as controls (Holcomb, 



Lahti et al. 2000). Resnfts are hifarwith v i d  stmmti: attermated right thalamic and 

right prefkontal activation during the recognition of novel visual stimuli (Hecken, Curran 

et al. 2000). The abnormal activation of prefiontal cortex during working memory tasks 

has been linked to the neuronal pathology in the same area in a recent study in which 'H- 

MRS of NAA was used as a neuronal marker, and "0-water PET was performed during 

a working-rnemory task (Bertolino, Esposito et al. 2000). The impaired cognitive 

activation of fiontal cingulate cortex in schizophrenic patients can be partially corrected 

with dopamine agonists as demonstrated in a PET study (Dolan, Fletcher et al. 1995). 

The presence of psychotic symptoms may affect the pattem of CBF and activation 

during functionai imaging tests. A H2 "O PET study cornparhg normal controls to 

schizophrenic subjects found decreased le ft prefkontal activation in the schizophrenic 

subjects while psychotic. This hypoactivation pattern normalized when the patients' 

clinical symptorns rernitted, although the role of medication is unclear (Spence. Hirsch et 

al. 1998). Studies aimed at capturing brain activation with '%DG -PET during the 

experience of auditory haIlucinations have found decreased rnetabolism in lateral 

temporal language regions (Cleghom, Franco et al. 1992). Direct cornparison of the 

hailucinating and hallucination-free state showed increased left inferior frontal CBF to 

Broca's area (McGuire. Shah et al. 1993). and in the striatum, thalamus and media1 

temporal cortex (Silbersweig, Stem et al. 1995). Al1 of these studies show changes in 

activation in cortical areas related to speech and auditory processing, which is an 

interesthg correlate of the subjective expenence of "hearing voices". 

There are a few functionai imaging midies of pharmacological provocation of 

psychotic symptorns. Ketamine administration in schuophrenic patients resulted in an 



increaîed antenor cing~late cortical CBF, and a reduction in hippocarnpd and primary 

visual cortical CBF, as measured with H2 "O-PET. These CBF changes were seen in 

conjunction with transient psychotic symptom exacerbation, but with no cornparison to a 

control challenge (Lahti. Holcomb et al. 1995). Metabolic hyperfiontality is seen with 

'*FDG -PET in healthy volunteen during ketarnine-induced psychotic symptoms (Breier. 

Malhotra et al. 1 997; Vollenweider. Leenders et al. 1997). 
. - 

I . 4 . j  Gene expression NI schizophrenia 

Gene expression in general is influenced by many factors. which may be 

environmental or intrinsic in origin. but that ultirnately rely on a molecular mechanisrn to 

control gene transcription and translation. The precise timing and location of gene 

expression is fundamentai to the development and hctioning of cornplex. multicellular 

and multi-organ organisms. The most well known regdators of gene transcription include 

dedicated promoter. enhancer, suppressor, and repressor genes or regions of the 

chromosome. often located in close proximity to the genes they regulate (Old and 

Primrose 1994). Some families of  genes, such as the homeodomain transcription factors. 

have more general regulatory hctions.  and are important in neurodevelopment for 

exarnple (Nakagawa and O'Leary 200 1). Epigenetic factors can affect gene transcription. 

without changes in nucleotide sequence, and exen their effects through two main 

mechanisms: DNA methylation and chromatin structure (Heniko ff and Matzke 1 997). 

Abnormalities in CNS gene expression have been found in post-mortem studies of 

schizophrenia. The changes include genes involved in synaptic function, neurotransmitter 

systems, and neurodeveloprnent. Presynaptic and dendritic markers such as complexin II 



(Hamson and Eastwood 1 W8), microtubule associateci protein MAP-2 (Anioki, Lee et al. 

1 99 1 ; Cotter, Kerwin et al. 1 997), and synaptophysin (Karson, Mrak et aI. 1 999; 

Eastwood, Cairns et al. 2000), have decreased protein expression and rnRNA levets in 

schizophrenia in cornparison to controls. SNAP-25 protein expression was decreased in 

schizophrenia as well (Young, Anma et ai. 1998). Levels of mRNA encoding synaptic 

vesicle and synaptic plasma membrane proteins in the temporal cortex of elderly 

schizophrenic patients show reductions when compared to age-matched controls. 

Synaptotagmin 1, rab3a synaptobrevin 1, syntaxin 1 A and SNAP-25 were ail reduced in 

a relatively younger subgroup ( ~ 8 0  years) of schizophrenic patients compared with 

controls (Sokolov. Tcherepanov et ai. 2000). Significant reduction in postsynaptic density 

protein 95 (PSD95) mRNA levels was demonstrated in the prefiontai cortex of 

schizophrenic patients when compared with controls (Ohnuma, Kato et al. 2000). 

Reduction in synaptic protein expression may reflect the same changes that reduce 

cortical volume in post-mortem and imaging studies. 

Abnormal expression in neurotransmitter systems genes in schizophrenia include: 

reduced glutamic acid decarboxylase (a key enzyme in GABA synthesis) mRNA in 

prefrontal cortex (Akbarian. Kim et al. 1995; Vok. Austin et al. 2000), decreased GABA 

transporter4 mRNA in a subset of neurons in prefiontal cortex (Volk. Austin et al. 

200 l), decreased 5-HT2A receptor mRNA (Hemandez and Sokolov 2000). and abnormai 

cholecystokhin mRNA levels in the entorhinai cortex (Bachus, Hyde et al. 1997). 

Studies of the glutamate system have found reduced AMPA and kainate receptor 

expression in the hippocarnpus in schizophrenia including decreased levels of subunit 

transcripts. protein levels, and binding sites. The NMDA RI receptor may have abnormai 



mRNA leveis and distribution in cortica) regions of s c ) r i z q M c  (Meador-Woodrrrff 

and Healy 2000). There are also alterations in selective NMDA receptor subunit mRNA 

levels in the prefrontal cortex (Akbarian, Sucher et ai. 1996). Significant decreases in 

cellular excitatory amino acid transporter 2 (EAATZ) have been reported in the 

parahippocampal gyms of schizophrenic patients (Ohnuma, Tessler et al. 2000). 

In the dopamine system, calcium-calmoduiin-dependent protein kinase [If3 mRNA 

levels are elevated in the frontal cortex; this kinase is involved in amphetamine-induced 

dopamine release in rats (Novak, Seeman et al. 2000). There appears to be a selective loss 

of dopamine D3-type receptor mRNA expression in parietal and motor conices of 

patients with chronic schizophrenia (Schmauss, Haroutunian et al. 1993). Patterns of 

dopamine D2 receptor expression were disrupted in the temporal lobe of schizophrenic 

patients (Goldsmith, Shapiro et al. 1997). 

Neurodevelopmental genes may influence the cytoarchitecture or size of the 

cerebrai cortex. and abnormal expression suggests their involvement in the 

pathophysiology of schizophrenia. Findings include: reduced growth-associated protein- 

43 (GAP-43) mRNA (Sower, Bird et al. 1995; Eastwood and Harrison 1998). increased 

Wnt-1 (one member of the wingless/Wnt pathway) protein expression in the 

hippocampus (Miyaoka, Seno et ai. 1999). decreased reelin (a protein regulating neuronal 

positioning and trophism during brain development) (Irnpagnatiello, Guidotti et ai. 1998). 

changes in rnitochondnd gene expression (Whatley, C d  et al. 1996). abnomal protein 

expression of brain-derived neurotrophic factor (BDNF) (Takahashi, Shirakawa et al. 

2000), and abnormd expression of neural-ceIl adhesion molecule (N-CAM) protein 

(Vawte- Cannon-Spoor et al. 1998). 



Microarray andysis of post-rnortem tissue frmir sttnzophremc piniems has 

demonstrated dysregulation of myelination-related genes, suggesting a disruption in 

oligodendrocyte function. Genes involved in synaptic plasticity, neuronal development, 

neurotransmission and signal transduction are also altered in expression levels (Hakak, 

Walker et al. 2001). Another microarray study found that genes involved in the regulation 

of presynaptic fûnction were altered in expression; the two genes most consistently 

involved were N-ethylmaleimide sensitive factor and synapsin II (Mirnics. Middleton et 

al. 2000). The same group also found changes in regulator of G-protein signaling 4 

(AGS4) expression in schizophrenia (Mimics, Middleton et al. 200 1 ). 

1.5 Cognitive m d  Neurologieal A bnorrnalities in Scliizop h renia 

Schizophrenia is associated with global intellectual impairment. and deficits in 

executive fimctioning, memory and attention (Weickert, Goldberg et al. 2000). These 

deficits are also seen in fint-episode patients, suggesting that they are not explained by 

neuroleptic treatment (Bilder, Goldman et al. 2000). The performance of schizophrenic 

patients differs from controls by approximately one standard deviation. and greater 

cognitive deficits are associated with more severe negative symptoms, worse 

psychosocial functioning, and the presence of soft, non-localizing neurological signs 

(Quitkin, Ri& et al. 1976; Manschreck, Maher et al. 1982; Wong, Voruganti et al. 

1997). These subtle neurological abnormalities are present even in never-treated, first- 

episode patients (Sanders, Keshavan et ai. 1994; Gupta, Andreasen et al. 1995), and 

include extrapyramidal signs and dyskinesias (Chatte jee, Chakos et al. 1 995). 

Furthemore, the type of cognitive impairment seen in schizophrenia, and the association 



with negrnive symptoms, are consisrem niith f b m d  tobe nirp-em. G m e d  fmicrions 

of the frontal lobes include the sequencing, planning and initiation of complex behaviour 

(Adams, Victor et al. 1997). 

Patients with schizophrenia have a variety of other neuropsychological 

abnormalities demonstrable in a non-clinical, laboratory setting. For examp!e. defîcits in 

sensorirnotor gating are evident in impaired prepulse inhibition (PPI), a test measuring 

the stade response to a loud tone. in normal controls, a lower volume "waming sound 

(the prepulse), is able to attenuate the startle response. The prepulse is Iess effective in 

reducing startle in schizophrenics (Braff, Grillon et al. 1 W2), and with amphetamine 

treatment in normal subjects (Hutchison and Swift 1999). Patients with schizotypal 

peeonality disorder and relatives of schizophrenic patients also show reduced PPI in 

cornparison with controls (Cadenhead, S werdlow et al. 2000). 

Event-related potentials (ERP) c m  meanire the surface component of brain 

electrophysiological response to speci fic attention tasks, and include the p50 and p300 

waves discussed below (McCarley. Faux et al. 199 1). Mismatch negativity (MMN) is a 

specific pattern seen in response to "deviant" stimuli embedded in a background of 

homogeneous stimuli. For example, a series of repeated tones of the same pitch may have 

a deviant tone of a different pitch inserted periodically. Patients with schizophrenia have 

been reported to have a reduced MMN amplitude and an dtered MMN topography that is 

different, though not diagnostic fiom other conditions that show aitered MMN such as 

stroke and Alzheimer's disease (Alain, Hargrave et al. 1998; Javitt, Grochowski et al. 

1998). 



Measurement of auditory evoked potentiafs (AEP) m d s  a characteristic pattern 

of response to test sounds. 50msec after stimulation, a p50 wave is observed. and 

300msec after stimulation appears a p300 wave. Normal subjects show a marked 

reduction in p50 amplitude after the second of a pair of sounds. Schizophrenic patients, in 

contrast have an anenuated suppression of p5O afier the second stimulus (Siegel. Waldo 

et al. 1984). as do their relatives (Clernentz, Geyer et al. 1 W8), consistent with their 

abnormal PPL response. The amplitude of the p300 wave seen in AEP rneasurements is 

reduced in schizophrenia and appears to be a trait marker independent of clinical statu 

(Mathalon, Ford et al. 2000). Increased latency of the P300 auditory evoked potential 

(AEP) in schizophrenia has also been reported (Blackwood, Clair et ai. 199 1). Genetic 

linkage between abnormal p50 MP and the a-7 nicotinic receptor has been reported 

(Freedrnan. Coon et al. 1997). However. as with many of the findings in schizophrenia, 

these electrophysiological abnormaiities are not specific. and c m  be dernonstrated in 

other brain disorders. 

2.6 Schizophreniu and Neurode~eiopment 

Basic questions about the pathophysiology of schizophrenia remain unresoived. 

including whether schizophrenia is a neurodevelopmentd or neurodegenerative disorder. 

or a mix of the two. Of course the even more basic problem of defining the diagnosis and 

scope of the concept ive label schizophrenia is highlighted whenever heterogenous 

fîndings are considered (Ancireasen 1994). Different features of the illness rnay have 

different explanations - explanations that need not be exclusive, if one allows that 

schizophrenia is a heterogeneous collection of diseases with a common clinical 



ptesentation. However, rhis diagnostic uncertainty conformds irrfomation from at t rypes 

of experirnents f?om neuropathology to treatment response to genetics. 

Evidence for a neurodevelopmentd etiology includes premorbid subtle, non- 

clinical abnormalities in cognitive and social functioning. These are present early in life 

and are later expressed as the full disorder (Wdker 1994). In an elegant case-control 

study. Walker, had neurologists observe the play and social interactions of children in 

home movies (blind to the hiture diagnosis and other information about the child). 

Children who would later develop schizophrenia showed a higher rate of neuromotor 

abnomalities, o c c h n g  pnmarily on the left side of' the body, similar to the motor signs 

described in schizophrenic patients (Wdker. Savoie et al. 1994). A retrospective cohort 

study examining the associations between adult-onset schizophrenia and childhood 

sociodemographic, neurodevelopmentd, cognitive, and behavioural factors found 

impairments in those who would later develop schizophrenia. The schizophrenic cohort 

were slower to reach developmental milestones. had more speech problems, and had 

lower educational achievement and test performance. Self and teacher reports of social 

functioning were also lower in the schizophrenic group. and they were more likely to 

prefer solitary play (Jones, Rodgen et al. 1994). 

The consistent fmdings of ventncular enlargement and cortical volume Ioss may 

be explained by either developmental or degenerative hypotheses. In support of a 

developmental origin to schizophrenia is the presence of gross structurai brain changes in 

first episode patients, before neuroleptic treatment, and before symptoms have been 

present for a significant tirne. However, if the brain volume changes are progressive. at a 

rate faster than with normal aging, this argues for an ongoing degenerative process that 



begms bdorethe onset of dinicd ihess and continues throughout tife. No 

comprehensive, longitudinai, controlled studies exist to resolve this question with 

certainty. Although there is some evidence that the brain volume changes are progressive 

(Woods. Yurgelun-Todd et al. 1990; Rapoport, Giedd et al. 1997: Jacobsen, Giedd et al. 

1 998; Mathalon, Sullivan et al. 200 1 ), various confounding factors such as technical 

artifacts, drug treatment or physiological epi-phenornenon may also account for the 

progression (DeLisi 1999). If brain volume deficits are associated with the underlying 

disease process, and if this pathology is progressive, then one rnight expect a correlation 

between duration of illness and degree of b r in  volume change, as in Alzheimer's 

disease. However there does not appear to be such a correlation in schizophrenia. which 

argues against a neurodegenerative hypothesis (Weinberger 1995). 

Histology does not provide a definitive answer to the question of whether 

schizophrenia is a primady degenerative vs. developmental disease. Gliosis is a marker 

of' past inflammation (Kreutzberg, Blakemore et al. 1997), and therefore is an indicator of 

damage and response to damage after the second trimester of gestation. As mentioned in 

section I .  4 2 Hisrologicul Pathology in Schisophrenia. there is disagreement about the 

presence or absence of gliosis. Some groups find gliosis in diencephalic regions while 

more recent midies concentrating on the cerebral cortex, do not (Harrison 1999). The 

absence of gliosis in the cortex tells us nothing about other ongoing pathology that may 

be mediated by apoptosis (Lieberman 1999). So. although current evidence suggests that 

gliosis is absent, this does not establish conclusively that schizophrenia is a 

neurodevelopmentai disorder. 



The cytoarchitechhual abnormdities seen in schizophrenics inchde abnormdities 

of the rostral and intemediate portions of the entorhinai cortex, aberrant invaginations of 

the surface, dismption of cortical layers, heterotopic displacement of neurons. and 

paucity of neurons in superficial layen (Arnold, Hyman et al. t 99 1). The subplate is a 

transient layer in the developing cortex from which neurons migrating to cortical layers 

II-VI originate, including those affected in schizophrenia. The subplate may have 

considerable importance in the development of cortical circuitry, and plays a crucial role 

in guiding thaiamocortical and other long-range cortical projections to their destinations 

in the developing cortex (Pnce and Willshaw 2000). Corticogenesis and the migration of 

neurons to their cortical target layers occurs prenatally. so disrupted cortical 

cytoarchitecture in schizophrenia argues strongly for a neurodeveloprnental process. The 

well-known but relatively weak associations between schizophrenia and obstetrical 

complications (Eaton, Mortensen et al. 2000), and minor congenital physical anomalies 

postulated to result from uterine insults (McNeil, Cantor-Graae et al. 2000), might 

represent a subgroup of patients with schizophrenia that have a traumatic or other 

pdperi-natal etiology . 

Hurnan brain functions, especially those related to language. are lateralized. 

leading some to consider the role of brain asymmetry in the development of 

schizophrenia. Some structural imaging studies have found assymetrical reductions in 

brain volume but these have not been replicated (Crow 2000). The imaging findings of 

asymmetry however, correlate with postrnortem findings of decreased left 

parahippocampal width (Brown, Colter et al. 1986), and lefi-sided temporal hom 

enlargement (Crow, Bal1 et al. 1989). The degree of right-lefi preference or "handedness" 



is dso a b n o r d  in children wtio witf tater devetop schbphrema (Crow, Done et at. 

1996). This has led to speculation about the abnormal development of hemispheric 

dominance in schizophrenia, which would be consistent with a neurodevelopmental 

hypo thesis. 

Neurodevelopmental and neurodegenerative explanations for schizophrenia are 

not necessarily exclusive. These semantic distinctions obscure some important but largely 

unexplored questions. Evidence fiom non-human primates suggests that significant 

remodeling of dendritic arbours, and cortical connections occurs throughout childhood 

and adolescence, likely in concert with the learning of language and other complex 

developmental tasks (Keshavan, Anderson et al. 1994). It has been hypothesized that the 

emergence of symptoms in late adolescence may be related to abnomaiities in pruning 

that either reveal the latent cytoarchitectural abnormaiities or act synergistically with 

these earlier developmental abnormalities (Feinberg 1982). 

2.7 Current Treatments for Schizophrenia 

1.7.1 Convenrional Neuroleptics 

Neuroleptics (or classical antipsychotics) are the mainstay of contemporary 

pharmacotherapy for schizophrenia. A dramatic improvement in the management of 

schizophrenia began in the 1950's with the discovery of chiorpromazine, a phenothiazine 

compound effective in relieving the positive symptoms of schizophrenia. This reduction 

in psychotic symptoms decreased the length of hospitalizations, and with maintenance 

treatment. reduced the nsk of relapse and re-hospitalization. Over the next two decades. 



swerat differem chernid families of aemoleptics (e.g. butyrophenone and benzamide) 

were identified and introduced as antipsychotic dmgs. 

Although antipsychotics have gready improved the treatrnent of psychosis. they 

have significant shortcomings. For a significant portion of schizophrenic patients, these 

dnigs are ineffective (- 30%), produce intolerable side-effects (5-10%) (Brenner, 

Dencker et al. 1990), or even exacerbate symptoms (reviewed in (Tamminga 1997)). 

Even arnong patients who both respond to, and comply with treatment. there is a 20% 

annual relapse rate (Gilbert, Harris et al. 1995). Also, the classical neuroleptics have little 

effect on the negative symptoms and cognitive deficits associated with schizophrenia 

(Jibson and Tandon i 995; Bilder 1997). Al1 of the conventional neuroleptics cause a 

variety of neurological, gastrointestinal, and cardiovascular side effects that are often 

debilitating. The neurological side-effects consist of acute movement disorders 

(extrapyramidal symptoms or EPS) which include Parkinsonian symptoms (tremor. 

rigidity. akinesia or bradykinesia, and a festinating gait), akathisia. and a decreased 

seizure threshold. Early expression of EPS significantly increases the likelihood of 

developing subsequent tardive dyskinesia (Chatte rjee, Chakos et al. 1995), a long-terni 

and sometimes irreveaible movement disorder. Severe EPS can exacerbate negative 

symptoms and cognitive deficits, and contributes to noncompliance. Cardiovascular side 

effects include orthostatic hypotension and in large doses, impaired cardiac conduction. 

Other side effects of classical neuroleptics include erectile and orgasmic dysfunction. 

(Milner, Tomon et al. 1998) and persistent elevations in serum prolactin (PRL). which 

can result in mensmial irregularities and galactorrhea. 



1.7.2 Mechanism of ,4ntipscyhotic action 

After the discovery of chIorpromazine and other neuroleptic drugs, it was 

established that the antipsychotic action of neuroleptics is linked to blockade of dopamine 

receptors (Seeman and Lee 1975). It was M e r  shown that dopaminergic agents could 

induce a schizophrenia-like psychosis (Randrup and Munkvad 1965; Snyder 1973 ; 

Lieberman, Kane et al. 1987), and these effects could be inhibited by dopamine D2 

receptor antagonists (Seeman and Lee 1975). Additionally, the clinical potency of 

different classes of antipsychotic drugs, despite different chemical structures. correlated 

well with their in vitro binding affinities for the dopamine D2 receptor (Seeman and Lee 

1975; Creese, Burt et al. 1976; Seemûn. Lee et al. 1976; Seeman 1992) suggesting that 

this receptor is a cornmon target of clinicai action. 

These discoveries formed the bais of the dopamine theory of schizophrenia: that 

the positive symptoms anse From hyperdoparninergic activity (Seeman 1987). The 

reversai of positive symptoms or psychosis by antipsychotics is probably mediated by 

blockade of D2 receptors in the mesolimbic region. and EPS probably results from 

blockade of these recepton in the basal ganglia. In vivo imaging studies have shown that 

60-80% D2 receptor occupancy in the basal ganglia is required for antipsychotic effects, 

whereas EPS is apparent at over 80% occupancy (Farde, Nordstrom et al. 1992). Indeed, 

experiments using PET and selective dopamine receptor ligands have shown that 

phenothiazine-treated patients with acute extrapyramidal symptoms had a higher D2 

receptor occupancy in the basal ganglia than those who did not expenence those side 

effects (Farde. Nordstrom et al. 1992). In general, antipsychotics with higher D2 affinity 



a n d  to produce more EPS and akathisia than those with a iower D2 affinity. at the same 

effective dose. 

1.7.3 The profo~pical  atypÎcal an fipsycho tic: CIozapine 

The second major breakthrough in schizophrenia treatrnent was the discovery of 

clozapine, an atypical antipsychotic with numerous clinical advantages over the classical 

neuroleptics. Clozapine was effective in treating not only the positive syrnptoms of 

schizophrenia, but dso in reducing some of the ncgative symptoms and cognitive deficits 

(Breier. Buchanan et al. 1994; Buchanan, Holstein et al. 1994; Lee. Thompson et al. 

1994; Lindenrnayer. Grochowski et al. 1994; Meltzer, Lee et al. 1994). More 

importantly, clozapine did not induce the EPS, and PRL elevation comrnonly seen with 

typicai neuroleptics. Unfortunately, clozapine use was Iimited by a severe side effect 

(agranulocytosis) in about 1 % of recipients. necessitating frequent leukocyte and 

granulocyte count monitoring. In 1988, Kane et al. demonstrated that clozapine was 

effective in a significant portion (-30 %) of çchizophrenic patients who were refractory to 

typicai neuroleptic treatment (Kane, Honigfeld et al. 1988). Since then. clozapine has 

been re-introduced world wide and is now used in patients who have failed to respond to 

two conventional neuroleptics from different chemicd classes. or who have severe 

neurological side effects. C1ozapine.s effectiveness in treating refiactory symptoms has 

been pivotal in stirnulating research aimed at developing new. effective atypical 

antipsychotics that do not cause agranulocytosis. 

Much of clozapine's atypical properties have been amibuted to its unique 

pharxnacological profile, that includes an affuùty for serotonin (5-HT2A, 5-HTIA and 5- 

HTtc, 5-HT7, 5-FIT6), adrenergic (a 1, and a2), dopamine (D 1, D2. D3 and D4), 



histamine (HI), and muscarhic receptors (Ml and M4) (Rvienied in (Tmmtkga t 997; 

Lieberman, Mailman et al. 1998)). The affinity of clozapine for D2 dopamine receptors is 

much lower than that of most classical neuroleptics. Classical neuroleptics, in contrast. 

are predominantly selective D2 blocken. with variable adrenergic. histaminergic and 

anticholinergic affinity. Recent cloning of severai of these neurotransmitter receptors has 

facilitated the synthesis of drugs that have high affinity and selectivity for various 

combinations of the recepton antagonized by clozapine. Receptor binding, behavioral 

and clinical studies with these new compounds have led to the identification of a number 

of new atypical antipsychotics that are effective in reducing the positive symptoms of 

schizophrenia, have some effect in reducing the negative syrnptoms and cognitive 

deficits, and have a low propensity to induce EPS. However, no consistent evidence has 

established that other atypical antipsychotic agents have clozapine's unique antipsychotic 

profile in producing minimal EPS or in treating patients refractory to treatment with 

conventional neuroleptics. in fact, a study reported that clozapine is able to reverse 

catdepsy induced by the new atypical antipsychotics olanzapine and loxapine (Kaikman. 

Neumann et ai. 1997). This suggests that an additional receptor may influence 

clozapine's reduced liability for motor side effects, since olanzapine. loxapine and 

clozapine d l  display a nemidentical phamiacological profile and are almost equipotent 

in blocking the various serotonin, dopamine and muscarinic sites (Kalkman, Neumann et 

al. 1 997). The novel antipsychotics risperidone, olanzapine, sertindole, quetiapine and 

zïprasidone, are discussed below. 



I .  7. f m e r  Aiypicut Neuro l ep*~ ~  in Curent Use 

None of the existing atypicals has been shown to be as effective as clozapine in 

the treatment of patients refractory to other neuroleptics, nor are they as free of 

neurological side effects as clozapine. However, in general. the atypical neuroleptics 

produce less EPS and PRL elevation. and have more effect on negative symptoms than 

the conventional neuroleptics. Of course, since tardive symptoms are a long-term side 

effect. no definitive conclusions can be made about the atypical h g s  and their tendency 

to cause tardive dyskinesia. 

Rispendone (Risperdal. Janssen). is a benzisoxazole derivative. with a hi& 

affinity for serotonin 5-HTZA, 5-HT7, dopamine D2 recepton, a 1 and a2 adrenergic and 

histamine H 1 recepton (Janssen, Niemegeers et al. 1988). Unlike clozapine. risperidone 

is a relatively potent D2 antagonist. aithough its afinity as a 5-HTzA antagonist is much 

higher than as a D2 receptor blocker. In lower doses (2-6 mg/day) nspendone produces 

less EPS than conventional antipsychotics like haloperidol or chlorprornazine. but the risk 

of EPS at a dose of 8- 12 mg/day. is similar to haloperidol at 1 0-20 mg/day (Marder and 

Meibach 1994; Peuskens 1995). Risperidone can also cause akathisia, tardive dyskinesia 

and PRL elevation (Bonson 1997). 

Olanzapine (Zyprexa, Lilly) has a phmacologic profile similar to that of 

clozapine, with affinity for D 1, D2, D4,S-HT-, 5-HT2A, 5-Hf6 and 5-HT7 serotonergic, 

histamine H2, al-adrenergic, and Ml muscarinic receptors. Its affinity at al1 these sites is 

generaily somewhat greater than that of clozapine as is its clinical potency (Moore. Tye 

et al. 1992; Bymaster, Calligaro et al. 1996). However, the relative afinity of olanzapine 

for 5-HT2A compared to D2 (i.e. pK, ratio of 5-HTa/D2) is less than that for clozapine. 



There is some evidence for improvement in negative symptoms with olanzapine 

(Beasley. Sanger et al. 1996; Tollefson and Sanger 1997). Quetiapine is a clozapine 

congener that antagonizes S-HT2* receptors, but has relatively weak D2 affinity. Both 

clozapine and quetiapine (unlike other atypicals) have a high affinity for a2 - greater than 

for D2 (Blake, Tillery et al. 1998), and this feature rnay contribute to their clinical effects. 

Ziprasidone and zotepine show atypicality in dopaminergic models and have a high 

affinity for 5-HTzA and D2 receptoa that is sirnilar to risperidone. Sertindole (Serlect, 

Abbon) is an imidazidoline derivative with a relatively restricted receptor binding profile. 

It has a high afinity for 5-HT2.+ and 5-HTiA, moderate af~ni ty  for D2 and no afinity for 

5-FITiA, DI, cholinergic muscarhic or a-adrenergic recepton (Skarsfeldt and Perregaard 

1990; Hyttel, Nielsen et al. 1992). It is an effective antipsychotic that has been reported to 

have less EPS than haloperidol (Daniel, Wozniak et al. 1998). 

1.8 Emerging Treamtents 

1.8.1 Nove f antipsychotic agents 

Innovation in the pharmacological treatment of schizophrenia has pnmarily been 

in the refhement of dopamine antagonist neuroleptics. There are no antipsychotic drugs 

in current mainstream use that do not bind D2 receptors. The possible role of other 

neurotransmitter receptor systems in modulating the effects of antipsychotic drugs is 

discussed below. Many theories have emerged in the past few years to explain the 

atypical properties of the newer antipsychotics. in particular their putative efficacy in 

treating negative symptoms, cognitive deficits and their iow EPS profile. However. recent 

analyses suggest that atypicals are not significantly more effective, nor tolerable when 



compared to appropriate doses of conventionat neurokptics, aWough atypicds do appear 

to have a modest advantage in terms of EPS (Geddes, FreemantIe et ai. 2000). 

1.8.2 D2 receptor blockade by atypical anripsychotics 

Although atypical neuroleptics antagonize D2 receptors, the nature of their 

interaction with this receptor may be different fiom that of conventional h g s .  PET 

studies show that 60-80% D2 blockade is required for antipsychotic response, while over 

80% D2 receptor occupancy in the basal ganglia produces EPS (Farde, Nordstrorn et al. 

1992; Nordstrorn, Farde et al. 1993). At clinically effective doses. typical antipsychotics 

usually display between 70-90% D2 occupancy, while atypical drugs generally occupy 

between 6040% of D2 receptors (Kapur, Zipunky et ai. 1998; Kapur, Zipursky et al. 

1999). This may, in part, explain the reduced EPS seen with atypical agents. However, at 

higher doses. and at corresponding higher D2 receptor occupancy (Le. >80%). even the 

atypical dmgs (risperidone. olanzapine. sertindole and ziprasidone) tend to cause EPS 

(Kapur, Zipursky et al. 1999). An apparent contradiction is seen with clozapine and 

quetiapine as they occupy less than 60% of D2 receptor sites at clinically effective doses 

(Kapur, unpublished observations). While this rnay explain their unusually low EPS 

profile, it does not explain their efficacy in treating psychotic symptoms. Recent findings 

suggest that D2 receptor occupancy by clozapine and quetiapine peaks shortly after 

administration (to 80% and 59% respectively) and then falls rapidly. It has thus been 

suggested that fast dissociation kom the D2 receptor may be sufficient for rnediating 

antipsychotic action with reduced side effects and may underlie the superior clinical 

profile of these drugs (Kapur and Seeman 200 1). 



Methodotogicaf kcmsistencies can tead to marrUrate mirnation of D2 receptor 

occupancy in vivo using PET studies. Hence, caution must be exercised in using D2 

receptor occupancy as an indicator of antipsychotic effîcacy or potential For EPS. Factors 

such as dose, time of measuring occupancy, and type of radioligand used for PET 

measurements should be considered before drawing conclusions about the relationship 

between D2 receptor occupancy and the therapeutic benefits or side effects of a dmg. 

Moreover, clinical effectiveness of an antipsychotic may be better estimated by 

measuring D2 receptor occupancy in the mesolimbic region, an area implicated in 

mediating pyschosis. rather than the basal ganglia. Transient D2 blockade may actually 

prove to be more effective than sustained D2. 

Atypicd agents may bind to D2 with a lower afflnity or dissociate from D2 faster 

(large &fi rate) than conventional neuroleptics (Seeman and Tallerico 1 998). It has been 

hypothesized that atypical antipsychotics might be displaced more easily fiom D2 

receptors in the striaturn by the presence of high levels of endogenous dopamine. thereby 

reducing EPS. However, in mesolimbic and mesocortical areas where the endogenous 

dopamine level is lower, sufficient receptors would still be occupied (between 70-80%) 

to elicit antipsychotic effects (Seeman, Corbett et al. 1996; Seeman. Corbett et al. 1997). 

To compensate for low potency. higher doses of most atypical antipsychotics are required 

(1 0-500 mg/day). While the low potency atypicds have clear advantages over 

conventional neuroleptics, patients taking them have a higher nsk of relapse (Seeman and 

Tallerico 1 998). 



1.8 3 A ~ ~ T C U ~  m J ; y c ~ t i ~ ~  and the ~ ~ ~ k o d p  o f ~ t t r e ~  m-like RCV~UIT 

Dopamine D2-like receptos (D3 and D4) may mediate some of the features of 

atypical antipsychotics. These subtypes have a more restrictive rnesocorticolimbic 

distribution than D2. Shortly after D4 was cloned, it was proposed that D4 receptor 

antagonism may be responsible for the therapeutic effects of clozapine and its low 

incidence of EPS. since clozapine has a higher D4 &nity compared to D2 (Van Tol, 

Bunzow et al. 199 1). Unlike other antipsychotics, the clinicai potency of clozapine is 

correlated better with D4 rather than D2 afEnity (Van Tol, Bunzow et al. 199 1 ). This 

observatioii prompted the synthesis of several compounds with hi& D4 and varying D2 

and 5-HT?a afinity. A number of such D4 selective compounds have been identified and 

tested over the past couple of years. These findings suggest that D4 blockade alone is 

insufficient for antipsychotic action (Wilson, Sanyal et al. 1998). There is inconsistent 

evidence fiom animai studies with these cornpounds, regarding potential antipsychotic 

properties and tendency to cause EPS. Clinical trials with a selective dopamine D4 

receptor antagonist, L-745,870, found it ineffective in neuroleptic-responsive inpatients 

with acute schizophrenia (Kramer. Last et al. 1997). Fananserin (RP62203), a potent W 

and 5-HT2a antagonist, was also ineffective in treating positive and/or negative 

symptoms in schizophrenic patients (TnifEnet, Tamminga et al. 1999). 

The prefrontal cortex (PFC) is a brain region involved in cognition. and lesions to 

the PFC impair cognitive functions, including spatial working memory (reviewed in 

(Friedman. Temporini et al. 1999)). D4 receptos are enriched in the GABAergic 

intemeurons of primate PFC (Mrzljak, Bergson et ai. 1996). Clozapine. a D4 antagonist. 

has been shown to aileviate benzodiazepine inverse agonist-induced working memory 



deficits (Mrnphy, Amsten et al. 1996; Mrrrphy, Rodr et ai. 1997) and cognitive deficits 

exhibited after long-term PCP treatment in monkeys (Jentsch, Redmond et al. 1997). 

Jentsch et al. (1999) showed that the potent and selective D4 receptor antagonist NGD94- 

1 could reverse the cognitive deficits in PCP pre-treated monkeys (Jentsch, Taylor et al. 

1999), suggesting that this receptor subtype may modulate the cognitive functions of the 

fiontostriatal system. Similarly. the selective D4 antagonist PNU- 1 0 1 387G. prevents 

benzodiazepine inverse agonist-induced working rnemory deficits (Amsten Murphy et 

ai. 2000). 

It has been difficult to determine if the D3 receptor is associated with 

antipsychotic action. For example, unlike most neuroleptics, nafadotride (a D3 receptor- 

prefeming antagonist) enhances locomotor activity in rodents (Schwartz, Griffon et al. 

1995). At higher doses it produces catalepsy (Sautel. Griffon et al. 19%). Another D3 

selective antagonist, (+)-UH232, exacerbated psychotic syrnptoms in 4 of 6 patients with 

schizophrenia aithough no EPS was observed (Lahti, Weiler et al. 1998). Activation of 

dopamine D3 receptors produces a selective impairment of cognitive function in the 

marmoset (Smith. Neill et al. 1999). The D3 antagonist, (+)-S 14297- blocked 

haloperidol-induced cataiepsy in animal models, but was ineffective in aitering the 

conditioned avoidance response in rats (Millan, Gressier et al. 1997). However, in 

another snidy (+)-PD 128,907, a D3 receptor agonist, blocked stereotypy produced by 

MK-80 1 without catalepsy (Witkin, Gasior et al. 1998) suggesting a role for D3 recepton 

in antipsychotic dmg development. Compounds that have a higher selectivity for the D3 

receptor may provide more insight about the potential role of this receptor as a target for 

rnediating antipsyc ho tic action. 



1.8. f TRe rok of M recepm in mediaring arypica! propetiies 

Negative symptoms and cognitive dysfunction have been associated with 

stmcniral impairment in the PFC. Negative symptoms may be related to a cortical 

hypodoparninergic state, and cognitive dysfunction can arise fiom both a deficit or a 

marked increase in dopamine levels in the PFC (Davis, Kahn et al. 199 1 ; Friedman, 

Temporini et al. 1999). The dopamine D 1 receptor, which is highiy expressed in the PFC. 

has been implicated in the control of working memory, a cognitive function impaired in 

schizophrenia (Sawaguchi and Goldman-Rakic 1 99 1 ; Amsten, Cai et al. 1 994; 

Sawaguchi and Goldman-Rakic 1994; Williams and Goldman-Rakic 1995). A reduction 

in PFC DI recepton has been reported in schizophrenic patients. regardless of 

medication treatment (Okubo, Suhara et al. 1997: Friedman, Temporini et al. 1999). 

while othen have reported an increase in Dl receptor density in the PFC (Knable. Hyde 

et al. 1996). Nevertheless, a decrease in Dl activity in the PFC has been directiy 

correlated to seventy of negative symptoms and cognitive impairment (Okubo. Suhara et 

al. 1997; Friedman, Temporini et al. 1999). These observations suggest that a dyshinction 

of Dl signaling in the PFC may contribute to negative symptoms and cognitive deficits in 

schizophrenia, so Dl agonists may have a role in treating these symptoms. Others have 

suggested the opposite. that the D 1 antagonist activity of clozapine at low doses 

preferentially enhances the extracellular concentration of dopamine in the PFC (BruneIlo. 

Masotto et al. 1999, and this is responsible for beneficial effects on cognition and 

negative symptoms. 



1.8.5 Atypicaf cmtipsychoorics and semrunirt receptors 

5-HTZA receptor blockade has been implicated in mediating some of the atypical 

properties of newer antipsychotics. Meltzer et al. (1989) hypothesized that a high relative 

5-HT2A to D2 receptor affinity is important for less EPS and improving negative 

symptoms (Meltzer 1989). This was based on the observation that pure 5-HTZA 

antagonists such as ritansenn improved negative symptoms and reduced EPS when used 

in combination with classical neuroleptics iike haloperidol (Gelders 1989; Duinkerke, 

Botter et al. 1993). Moreover. acute administration of 5-HTZA antagonists was s h o w  to 

reduce EPS induced by classical antipsychotics (Gelders 1 989). Risperidone was the 

first drug designed to test the combined effect of 5-HTzA and D2 blockade in treating 

symptoms of schizophrenia. In lower doses (Qmgkg) risperidone did display an 

atypical profile, but at hi& doses risperidone produced a dose-dependent increase in EPS 

(Marder and Meibach 1994; Peuskens 1995) - likely related to its high D2 affinity. 5- 

blockade may be protective against ncuroleptic-induced EPS. considering that 

nsperidone and the other atypicals do not cause EPS to the same degree despite an almost 

complete occupancy of D2 receptors. Therefore, the D2 affinity of the atypical dmgs may 

be a more important factor in explainhg the observed differences in EPS. 5-HTZA 

blockade with a concomitantly low D2 receptor blockade (ie. low afinity and occupancy) 

seems to offer a more robust and consistent protection against these side effects. 5-HTX 

blockade may be nifficient to reduce EPS in atypical dmgs but is not necessary. 

Sulpiride and remoxipride have no appreciable 5-HTfi affinity, yet they are 

antipsychotics with a low propensity for producing EPS (Gerlach 1991). 



The mectmitisrrr by f i c h  5-HT, btockade rnight reduce EPS induced &y D2 

receptor antagonism is still unclear. This effect rnay be due to disinhibition of 

nigrostriatal dopaminergic pathways by 5-HT, antagonism (Waldmeier and Delini-Stula 

1979; Bleich, Brown et al. 1988). 5-HT, antagonism has also bcen implicated in the 

alleviation of negative symptoms. Other serotonin receptor subtypes rnay also contribute 

to these atypical properties of antipsychotics but little is currently known about this. 

1.8.6 The role of mrrscarinic receptors in mediating atypical antipsychotic action 

Muscarinic receptor blockade has been implicated in reducing the risk of D2- 

mediated side effects of antipsychotics. Muscarinic receptor activation induces EPS 

{Miller and Hiley 1974; Snyder, Greenberg et al. 1974) and antagonists of this receptor 

are comrnonly used to treat neuroleptic-induced EPS. It has been suggested that the 

afinity of certain antipsychotics. including clozapine and olanzapine, for muscarinic M 1 

receptors rnay render them atypical by reducing their risk of generating EPS. However. 

other atypical h g s  like quetiapine, ziprasidone and sertindole are weak muscarinic 

antagonists, with a low potential to cause EPS. Therefore, blockade of muscarinic 

receptors is not necessary for this feature of atypical drugs. In addition, rnuscarinic 

receptor blockade is associated with unwanted side effects such as constipation, dry 

mouth, blurred vision, urinary hesitancy and cognitive impairment (Tune, Strauss et al. 

1982; Strauss. Reynolds et al. 1990) that might compromise cornpliance of a dmg with 

high affinity for this receptor. Note that the sialorrhea associated with clozapine is likely 

related to muscarinic M4 receptor affinity (Zorn, Jones et al. 1994). 



I. 9SchrZopRrenh Genetfcs 

1.9.1 A Generic Componeni tu Schizophrenia? 

Since the identification of schizophrenia in conternporary medicine. various 

theories have arisen to explain its etiology, including poor mothenng, family dynamics, 

psychological defenses and a host of biological mechanisrns (Gottesman 199 1 ; Carpenter 

and Buchanan 1 994). Although obstetrical complications, prenatal insults and viral 

Uifection have been reported to contribute to the disorder, these insults probably account 

for only a small proportion of cases or contribute only a small effect to the phenotype 

(Carpenter and Buchanan 1994; Stefanis 1994). Twin, adoption and famil y studies have 

established that there is a significant genetic, inherited component to schizophrenia 

(Gottesrnan 1 99 1 ). 

The risk of developing schizophreria in the general population is clearly Iower 

than that of relatives of patients with schizophrenia. Family studies show that the risk of 

deveioping schizophrenia is highest in fint degree relatives of the schizophrenic proband 

(545% average lifetime morbid risk), and that the risk to relatives diminishes in second 

degree (2-6%) and third degree (2%) relatives (Gottesman 199 1; Kendler and Diehl 

1993). These figures show that schizophrenia runs in families, but not necessarily that 

there is an inherited component to this familial aggregation. 

Adoption studies can help to distinguish inherited fiom environmentai factors in 

the etiology of familial disorden. Children of schizophrenic parents, adopted by non- 

schizophrenic parents, are less likely to be exposed to the post-natal environment they 

would expenence with their biological parents. Adoption studies with large governent 

registries in Demark (Kendler, Gruenberg et ai. 1994), and Finland (Tienari 199 1 ). and 



famiîy stadies in the United States (Whoknr, Morrisoir a d. W 2 ) ,  for exampie, confimi 

that some vulnerability to schizophrenia is inherited (Ingraham and Kety 2000). 

Monozygotic (MZ) and dizygotic (DZ) twins presumably share much of their 

prenatal and childhood environment, but MZ twins have a concordance rate for 

schizophrenia around 30-50%, while DZ twins have a concordance rate similar to non- 

twin siblings of - 1 0% (Kendler and Robinette 1 98 3; McGuffin, Farmer et al. 1 984). The 

exact concordance figures Vary fiom study to study, but the concordance rate for MZ 

twins is consistently higher than for DZ twins. The discordance of MZ twins for 

schizophrenia however. indicates that factors other than the inherited gene sequence 

influence the development of schizophrenia (Kringlen 2000). 

The family, and twin studies also show that schizophrenia is not transmitted in the 

classical Mendelian pattern associated with highly penetrant single gene disorders such as 

cystic fibrosis (Kerem, Rornrnens et al. 1989). In an autosomal recessive Mendelian 

disorder, dominant (A) and recessive (a) alleles of the gene combine to produce 

individuals who are affected (aa). unaf5ected (AA) or carriers (Aa). The mating between 

two carrien (Aa)  for example, would produce offspnng who. on average. would have a 

25% chance of being affected, a 25% chance of being unaffected. and a 50% chance of 

being a carrier; MZ twins, if one was affected, would have a 100% concordance rate 

since both would have the aa genotype. 

1.9.2 Gene f ic linkage und association findings 

Linkage studies so far have identified loci on chromosomes 1 ( B m t o w i c t  

Hodgkinson et al. 2000), 2,4,5,6,7,8,9, 10, 13,15, 18,22, and X, as evaiuated at the 



Sixth Wortd Congres on PsychiaRic Grnetics (Ba* and Murisette 1999; Craddock 

and Lendon 1999; Crowe and Vieland 1999; Curtis 1999; Detera-Wadleigh 1999; 

Gejman 1999; Hallmayer 1999; Kennedy, Basile et al. 1999; Nurnberger and Foroud 

1999; Paterson 1999; Schwab and Wildenauer 1999; Van Broeckhoven and Verheyen 

1999; Wildenauer and Schwab 1999), and reviewed by Riley (Riley and McGuffin 2000). 

But, these linkage results either requise replication, have contradicting reports or do not 

meet the statistical cnteria for significant linkage (Lander and Kniglyak 1 995). Screening 

candidate genes to test may be a better strategy than hypothesis-free genome scanning 

approaches (Risch and Merikangas 1996), but again there are no definitive results. 

Despite the clear involvement of dopamine (DA) receptors as a therapeutic target in 

schizophrenia genetic studies have been unable to confirm linkage between 

schizophrenia and dopamine receptor or transporter genes (Coon, Jensen et ai. 1994; 

Hallmayer, Maier et al. 1994; Maier, Schwab et al. 1994; Nanko, Fukuda et al. 1994; 

Ravinhathan,  Coon et al. 1994; Pensco, Wang et al. 1995). Serotonin receptor genes 

have also been assessed for association with schizophrenia, suggesting that the 5-HTZA 

receptor may contribute to susceptibility to schizophrenia (Williams, Spurlock et al. 

1996), but there have been negative reports as well (Owen 2000). The search for genetic 

association with candidate genes has included neurodevelopmental genes, but some 

snidies of neurotrophin-3 (Gill, Hawi et al. 1 996), and brain-derived neuro trophic factor 

(BDNF) (Hawi, S fraub et al. 1 998) have not demonstrated an association. 

Of relevance to the genes identified in the following chapters. is an area of 

chromosome 22q 1 1 - 13 that has several interesthg connections to psychosis and 

schizophrenia. Several chromosomes including Sq, 1 1 q, 18q, 19p and 22q have 



abnomatities that are associated with schizophrenia and psychosis (Bassett t 992). The 

22q 1 1.2 region is subject to deletions that are associated with the DiGeorge and velo- 

cardio-facial syndromes (Amati, Conti et al. 1999). This syndrome is characterized by 

variety of phenotypes involving midline structures, but also with an increased risk (24- 

30%) of developing schizophrenia and psychotic syrnptoms (Murphy, Jones et al. 1999). 

Microdeletions in 22ql1 .Z are significantly associated with schizophrenia (Bassett, Chow 

et al. 2000), and the 22q 1 1 - 13 region has also been implicated in both linkage analysis 

and linkage disequilibrium studies with a variety of markers (Schwab and Wildenauer 

1999). 

2.9.3 Mode ls of inherirnnce 

If schizophrenia does indeed have a genetic cause. at least in part. then why have 

the linkage studies failed to find these genes? Several factors harnper the search for genes 

linked or associated with schizophrenia in particular, as compared with other cornplex 

diseases. First of all. the practical aspects of farnily genetic studies are problematic in 

schizophrenia. Cornpliance with treatment, motivation, and insight are al1 affected 

adveaely by this disorder. and so a lack of cooperation with genetic studies is ofien 

encountered. Even case finding is dificuit, again because the il1 may not seek treatment. 

and so sampling of affected cases is biased against those who may be the most ill. The 

sociai stigma associated with schizophrenia and mental illness in general does not 

encourage participation in genetic studies, either by patients or their families. Diagnosis 

through collateral history for deceased or unavailable family memben is haphazard at 

best. As discussed in sections 1.1 and 1.2, the fiuidarnental issue of accurate and valid 



diagnosis remains a problem in genetic studies o f  schizophrenia, kading to the possibiiity 

that bbphenocopies" will confound results. Despite these caveats, several models, which 

may coexist, may explain the familial pattern of inhentance, including MZ twin 

discordance, and the lack of definitive linkage results. The polygenic. monogenic, 

multiplicative multilocus, environmental, epigenetic and integrative models are discussed 

below. 

A polygenic model posits that multiple genes, each having a small effect, 

predispose an individual to developing schizophrenia. In polygenic. or genetically 

"complex" disorders or traits, linkage and association studies require an enormous 

number of families even from isolated populations to achieve the necessary power 

(Lander and Kruglyak 1995). Other comrnon disorden such as diabetes and bipolar 

disorder are iikely complex genetic disorden as well (Risch and Menkangas 1996). If 

there are more than "a few" genes involved or if the disease arises out of epistasis 

berneen two or more genes, then the linkage approach may yield conflicting results even 

in large studies (Risch 1990). Thus, the fact that many loci have both positive and 

negative linkage reports with schizophrenia, is consistent with a polygenic model of 

inhentance (Suarez. Hampe et al. 1994). 

A monogenic, or single gene hypothesis is not consistent with the pattern of 

relative risk seen in the families of schizophrenic patients (Risch 1990). The lack of 

definitive Iinkage results in schizophrenia (Riiey and McGuffin 2000), is dso more 

consistent with a polygenic rather than rnonogenic pattern of inheritance. Current opinion 

then, is that "we c m  now conclusively reject that there is one gene of major effect that 

causes schizophrenia" (Tsung and Paraone 2000), and furthemore, that we c m  "exclude 



the possibiIity that schizophrenia is a singIe gene disorder or a coHection of single gene 

disorciers even when incomplete penetrance is taken into account" (Owen 2000). 

Polygenic models may be additive multilocus or multiplicative multilocus models. 

In the multiplicative rnultilocus model, there is interaction or "epistasis" among the 

genes, whereas in the additive model. it is the cumulative, "additive" effect of many 

genes that do not interact. hR is defined a s  the relative risk ratio of developing the illness 

in a relative of someone with schizophrenia (AcR = K&, where KR is the nsk to a relative 

of type R, and where K is the population prevalence). In a single gene or an additive 

multilocus model. kRO1 would be expected to decline by a factor of two for each degree 

of relatedness. In a multiplicative multilocus rnodei, AR-1 decreases at a greater than two- 

fold rate (Risch 1990), which is consistent with the risk to relatives in schizophrenia 

(Gottesman 1991). However, the number of loci involved, the risk contributed by each 

locus, and the degree of interaction are unknown (O'Donovan and Owen 1999). 

A second hypothesis is that non-genetic factors contribute to the cause of 

schizophrenia. The heritability of an illness may be calculated fiom family studies, and 

twin studies in particular, and is a measure of the proportion of phenotypic variance that 

îs due to genetic variance. HeritabiIity is defined as h' = OS ' f  C K ~  ', where b p o  ' is the 

total multilocus aggregate polygenotype variance and D+ is the total phenotypic 

variance. Heritability may be estimated by the ratio of the observed phenotypic 

correlation to the theoreticai genotypic correlation in related individuals: h2 = p(A,B) / 

w4& p(A.B) = (Z Pr(A,, B,)(A,&) - pCLAp~) 1 4 4  c ~ ,  where the numerator represents the 

covariance of phenotypes ' 4  and B, and the denominator is the product of the variances 

for A and B (Pr stands for probability and p is the mean). F represents the kinship 



coefficient, which is the probability that two dfetes at the same locus are idemicd by 

descent fiom some common ancestor (Weiss 1993). Various studies have put the 

heritability of schizophrenia between 58% and 89%, indicating that other factors, perhaps 

environmental, may influence the expression of the illness (Riley and McGuffin 2000; 

Tsuang 2000). Viral infection. season of birth, matemal stress, urban birth and obstetrical 

complications have al1 been linked with a higher incidence of schizophrenia (Bayer. 

Falkai et al. 1999). As yet unknown environmental factors may also have a role in 

affecting the CNS, and rnay contribute to the histological. structural, or functional 

pathology of schizophrenia. 

Another possible explanation for the complex inheritance pattern seen in 

schizophrenia and diabetes is that of epigenetic factors. Epigenetic factors include non- 

gene sequence based factors that influence the regulation, timing and location of gene 

expression. Epigenetic mechanisms include changes in DNA methylation and chromatin 

structure that can produce parentsf origin effects (genomic imprinting). irregular 

monoallelic gene expression (polymorphic genomic imprinting). and variations in gene 

expression (epigenetic pol yrnorphism) (Petronis 2000). Seveml features of schizophrenia 

are consistent with epigenetic mechanisms: the discordance of MZ twin pairs. the 

relatively late and variable age of onset, sex differences in age of onset and course of 

illness (Seeman 1997), parent-of ongin effects, and fluctuations during the course of the 

illness (Petronis 2001). However, no evidence was found for parent-of-origin effects in a 

study of over 400 families with at least 2 il1 siblings (DeLisi, Razi et al. 2000). 

None of these models have, at present, provided a satisfactory explanation for al1 

of the genetic, neurobiological and epidemiological data about schizophrenia that is 



cunent$ availabie. An integrative model, though comprex, is arguabty more usefui in the 

search for the cause of this complex disease. Schizophrenia could arise frorn a significant 

multiplicative rnultilocus genetic vulnerability, modified at various stages of development 

by epigenetic and environmental factors. Simple models of schizophrenia etiology. 

though compelling, have led to a huge nurnber of studies that have yet to verify any 

hypothesis. An integrative rnodel. similar to those of other cornmon diseases like 

cardiovascular disease and cancer, acknowledges the cornplex interplay between genes 

and environment that results in highly variable disease phenotypes (McGuffin. Owen et 

al. 1995). 

I .  9.1 Genetic Po~vmorphism and Aflele Distribitrion 

The highly variable human genome provides a source of sequence variations or 

polymorphisms that may be used to track the transmission of a given part of each 

chromosome. Polymorphisms that result in the change in function of a gene, that in tum 

cause a particular disease. are usually referred to as mutations. To be usehl as a genetic 

marker, polymorphisms must be present in at least 1 % of the generd population. 

Variation in the genetic sequence may take the form of different numben of repeated 

sequences or single base-pair variations. Repeated sequences can be short, as in the case 

of trinucleotide repeats (variable number of trinucleotide repeats or VNTR). or longer 

sequences such as microsatellite repeats. Single nucleotide polymorphisms, or SNP's can 

result in the alteration of a restriction enzyme site, and therefore is known as a restriction 

fragment-length polymorphism (RFLP) (Weiss 1993). The human genome project has 

facilitated a catalogue of over 2.5 million SNP's, whose locations have been mapped 



(Sachidanandam, Weissman et ai. 2ûûI; Venter, Adams et al. 2001). Polymorphisrns may 

be located within the coding sequence of genes, in 5' and 3' untranslated regions, in 

regdatory or in other non-coding regions. Variations in the coding sequence rnay be 

synonymous, or may result in alterations in amino-acid sequences that are conservative or 

non-consetvative. 

Polymorphic variants at a given locus, often referred to as alleles, rnay be present 

at any frequency pl = n, / ZN, where 2N is the number of copies of the given gene in a 

sample population of N (diploid) individuals, and n, copies of the gene have the allele i. If 

random mating OCCLUS, then the probability of a given genotype is determined by the 

ailelic frequency. Human mate selection is a complex process that relies on phenotypes 

related to many gene loci, and on many social and environmental factors that are. at best. 

o d y  distantly related to genotype. Therefore from the standpoint of allele distribution. 

mating is usually "random". The probability that an individual will be homozygotic for 

an allele i, is Pt,  = p l  x p, +,', and the probability that an individual will be a heterozygote 

for two alleles i and j is P, = p,p, + p g ,  = 2p, p, . This relationship between allele 

fiequency and the probability of specific genotypes is known as the Hardy-Weinberg 

equilibrium (HWE). which holds me for the vast majonty of alleles. in most populations. 

Deviation fiom the HWE may be caused by visible morphology related to genotype such 

as race, or by environmental or social constraints such as inbreeding, class structure. or 

geographicd isolation. In these unusud circumstances, deviation fiorn the HWE may 

confound genetic studies because a spurious association with a disease phenotype may be 

f o n d  with an allele that is merely associated with the study population (Weiss 1993). 



r. P. f Parametric t Mage Analysis 

Strategies for finding disease genes may be categorized into linkage and 

association analyses. Linkage analysis may take the f o m  of parametric linkage studies, 

or non-parametric analyses, and association studies may use case-control or family-based 

approaches. Parametric linkage analysis has been applied with great success to Mendelian 

single-gene disorders. while association strategies are a more recent approach being 

applied to cornplex genetic disorders. The main features, strengths and weakness of these 

strategies are discussed below. 

Parametric linkage analysis is applied to large multiplex families (families with 

multiple affected members), to ascertain the likelihood that a given gene or locus is 

responsible. As the name irnplies. parametric linkage analyses depend on a mode1 of 

inheritance seen with single gene Mendelian disorders, in which the disease gene must be 

inherited fiom a parent with a family history of the illness. The basic assurnption being 

that the disease gene will be found close to a marker allele that segregates with the 

disease phenotype. Recombination, or the exchange of chromosomal fragments that 

occurs during meiosis, has the potential to move genes from their original location to the 

other chromosome. The likelihood of recombination between two given loci is expressed 

as 8, and is related to the physical distance between the loci, as well as the local DNA 

structure, the distance fiom the centromere, and the presence of other nearby 

recombination events. If two genes or markers are inherited (that is they segregate) 

independently, then 0 = %, which is the nul1 hypothesis (Weiss 1993). 

Once the genotypes, and disease phenotype of the multiplex farnily have been 

determined, the haplotype of the marker and the vimLal disease gene can be constructed 



mating may then be calculated assurning different values of 0. This calculation across the 

entire pedigree produces a likelihood statistic 2, which can be maxikized with a value 

eMLE, that is the best estimate of the recombination distance between the marker loci and 

the v i m i d  disease gene. Cornparhg the maximum likelihood statistic -f whh the 

likelihood at 8= %. yields a likelihood ratio 2 (OMLE)/ 2 (%). The LOD score is the 

logarithm of the likelihood (or "odds") ratio: 

LOD (8, %) = logi* [J  ( ~ M L E ) /  J (%) 1, 

The LOD score is the usual way to express the strength of evidence for linkage (Weiss 

1993). The calculation of OMLE uses numencal or calculus-based methods that are beyond 

the scope of this dissertation. but are incorporated into computer programs designed for 

the pararnetric analysis of linkage (Weiss 1993). 

Linkage andysis may incorporate multiple markers simultaneously - multipoint 

pararnetric linkage analysis - to yield multipoint LOD score maps of a given 

chromosomal region spanned by the markers. A problem arises in detemining 

significance levels with the massive numbers of markers across the genome, and with 

diffnrnt populations k ing  studied. Too hi& a threshold for significance risks obscuring 

biologicdly important information (false negatives), while more lenient thresholds have 

produced a large number of contradictory results fiom aimost every chromosome. One 

proposed standard for LOD score significance is P=0.00005 (LOD 2 3.6), which across 

the genome would be equivalent to a 5% chance of randomly finding linkage (Lander and 

Kruglyak 1995). Replication by independent groups is still required. This threshold is 



consistent with the traditional ctassicd twu-point M a g e  LOD score threshold of 3 

(Lander and Kniglyak 1995). 

No linkage studies in schizophrenia have yet met this threshold. likely because of 

the large sarnple sizes needed to detect genes with a low genotype relative-risk (GRR). 

defined as the relative risk of disease in individuals with a given genotype vs. the general 

population. GRR and allele frequency both influence the power of linkage analysis (Riley 

and McGuîfm 2000). Theoretical calcdations predict that in order to detect a 

susceptibility allele with a GRR of 4. that has a population frequency of 10-50%. a 

sample size of 200-300 families is required. However. if the same allele confers a GRR 

of 2, then 2500-4000 families are required, and a GRR of 1.5 requires 18,000-68.000 

families to demonstrate linkage (Risch and Merikangas 1996), which is not very realistic. 

The lack of replication in many of the positive reports in schizophrenia may partly be 

related to the problem of sample size. Although some of the positive reports may be real 

findings, the probability of finding linkage with one of severai loci is always higher than 

the probability of replicating linkage at given locus (Suarez, Hampe et al. 1994). 

If schizophrenia is a polygenic disease, then parametric strategies have severai 

potential pitfalls. Parametric linkage studies require the specificatioi. of model parameters 

such as penetrance, relative genetic contribution, and mode of inheritance; that are ofien 

unknown in a polygenic disease. Misspecification can lead to Mse positive or false 

negative results. Parametic LOD score methods can be made more robust to 

rnisspecification of parameters by testing both a dominant and recessive model. and by 

using high disease allele fkquencies (Risch and G i u f h  1992). Other genetic parameten 

that may confound such analyses include phenocopies, genetic heterogenetity, epistasis 



and varying ailete fiequencies. tinkage stadies in muttiptex famifies may be abte to 

detect genes that are required for disease expression, but have limited power to detect 

genes that confer a moderate risk or susceptibility (Greenberg 1993). Although 

parametric linkage analysis wodd theoretically be able to identiw a single major locus 

contributing to vulnerability, even in a polygenic disease, the linkage results to date, in 

combination with statistical arguments, point strongly to the absence of a single major 

gene locus in schizophrenia (Cloninger 1994; McGuffin. Owen et al. 1995). 

1.9.6 Association Methods 

In the search for complex disease genes, other strategies include association 

studies that may also incorporate an analysis of linkage disequilibriurn (LD). Association 

studies do not require the specification of a mode1 of inheritance. but rely instead on 

determining simple association between significant increases in disease risk and the 

presence of certain genotypes. Tests of association rnay be applied to unrelated case- 

control populations, sib-pairs or other affected-unaffected relative pairs, trios consisting 

of an affected proband and the parents, and small nuclear fmilies with affected and 

unaffected members. Statistical approaches include: the haplotype relative-risk (HRR) 

(Tenvilliger and On 1992), transmission disequilibrium (TDT) (Spielman, McGinnis et 

ai. 1993), or family-based association tests (FBAT) (Thomson 1995). However, 

association-based tests are not able to distinguish between a major "necessary" gene and 

minor "susceptibility" genes (Hodge 1994). 

Case-control association studies analyze polyrnorphic regions in or near candidate 

gene regions, and compare genotypes of affected patients and controls matched by age. 



race and sex. White positive associations betwe+n a potymorptrism and the disease may be 

real, many confounding factors hamper the interpretation of these types of studies. The 

most important confounder is population stratification, in which ethnic gene admixture 

results in an apparent association that is really due to different gene frequencies in 

different ethnic groups. Case-control studies in schizophrenia have yielded contradictory 

results, with two examples being the studies of the dopamine D3 (Chen, Liu et al. 1997: 

Sivagnanasundaram. Morris et al. 2000) and the 5-HTu receptor genes (Williams, 

Spuriock et al. 1996; Verga Macciardi et al. 1997). Despite a large nuinber of patients 

fiom different research groups. results with these two genes remain inconclusive. 

However, subjects for case-control studies are much easier to recruit than for farnily-based 

studies. so aithough other methods of studying association may be theoretically more 

powerful, they are limited by sample size (Risch 2000). 

The affected family-based controls (AFBAC) strategy is a variant of association- 

based tests that includes homoygous as well as heterozygous parents in the analysis. In 

this sense it is primarily a test of association rather than linkage. and therefore is similar 

to population case-control approaches. Population-based association studies are 

Milnerable to population stratification effects, since spurious associations with the disease 

may arise fiom genes that are associated with ethnic composition or sampling bias in the 

cases vs. controls. Family-based studies controi for this in part, by sampling families that 

of course share a common genetic background, and are therefore matched with respect to 

population of orîgin. However, deviation nom the assumption of random mating in the 

Hardy-Weinberg equilibriurn (HWE) may also distort family-based association tests and 

should be ascertained (Thomson 1995). 



The HRR test is e speciai case of FBAT. The HRR strategy uses only nuderu 

trios, while FBAT incorporates other family members, including multiple trios in one 

family, and corrects for multiple testing within each family. The basic approach in FBAT 

and HRR is the tabulation of parental genotypes. in which one allele is transmitted to the 

proband while the other is not (Ott 1989). Presumably, if a given allele is transmitted. 

then it may influence vulnerability to the disease in the proband. The other, untransmitted 

allele clearly does not influence disease phenotype in that particular proband. since the 

proband does not have the allele. The parental alleles are recorded in a classical 2x2 table 

comparing the proportion of marker alleles that are transmitted vs. untransmitted. As with 

the TDT, the X' statistic with ldf is used to assess deviation from the null hypothesis. and 

significance of association (Thomson 1995; Spielman and Ewens 1996). 

The transmission disequilibrium test (TDT) may be applied to affected proband 

trios, and requires the genotyping of the family members at a given locus of interest. 

Only heterozygous parents are incorporated in the analysis. It then examines the number 

of times each combination of alleles is transmitted to the proband, and tests for deviation 

fiorn the null hypothesis. If the disease and locus are not associated then the transmission 

of either marker allele would be expected to be 5050 in the probands. in other words. the 

marker alleles would segregate independently of the disease. If there are two possible 

alleles i and j at a given locus, then the possible genotypes are ii, ij and j j .  In a given 

sample of affected probands and theu parents, consider only heterozygous parents (ij). 

Let b and c represent the nurnber of tirnes that allele i or j are transmitted to affected 

offspring, respectively. The TDT statistic is then defined as (b - d2 / (b + c). 'The X Z  

McNemar test is used to d e t e d e  the statistical significance of the association 



@piehan and E m s  t 9%). In amtrast to the AFBAC wd HRR methods, the TDT is 

able to detect linkage in the presence of association, and to have several other advantages. 

The TDT is less vulnerable to population stratification, heterogeneity and admixture 

effects than case-control association tests, and can incorporate multiple affected siblings 

without having to correct for dependence (Spielman and Ewens 1996). Other genetic 

association strategies, like the case-control and HRR, have greater statistical power than 

the TDT, in part because homoygous parents may be included. A modified form of the 

TDT can be applied to probands and unaffected siblings to t es  for linkage in the presence 

of association - the sib TDT (Spielman and Ewens 1998). 

Linkage disequilibriurn (6) is defined as the discrepancy between the observed 

haplotype (the combination of one or more marker loci on a given chromosome) 

frequency y,, and the probability of that haplotype predicted by the HWE: pi pj. Thus. 

6 = y,, - pi pj . Since both y,, and pi pj are probabilities, the range of possible 6 values is 

between O and 1. LD may be caused by non-random mating, genetic admixture between 

two disparate populations, genetic drift, naturd selection, or recent mutation that has not 

had time to be distnbuted in a population. For the purposes of disease genetics. LD may 

be useful when it arises because two loci are physicdly linked by virtue of close proximity 

on a chromosome (Weiss 1993). 1x1 this case, the proximity between a marker dlele and 

the disease gene allows the localization of the disease gene. Therefore. the many factors 

that can produce LD m u t  be carefully examined in studying disease genetics. Multilocus 

disequilibrium mapping c m  increase the power and accuracy of LD by taking multiple 

marker alleles into account (Service, Lang et al. 1999). 



An advamage of tD studies is the +tucidation of proteetive as well as vulnerability 

loci. Traditional linkage studies, even with an aected-only strategy are unable to detect 

protective loci directly. The important role of protective genes in the understanding of 

disease mechanisms is illustrated by several examples: in a mouse mode1 of non-obese 

diabetes (Risch, Ghosh et al. I993), the E 2  allele of APOE in Alzheimer's disease (Faner, 

Cupples et al. 1997), and allele 2 of the ADH2 gene in alcoholism. Despite the rigor of 

LD, its ments were realized only recently, and so there are relatively few genetic studies 

of schizophrenia utilizing LD. LD has the power to detect genes that confer a lower 

relative-risk (RW4) for disease than linkage studies, and requires a srnaller number of 

patients for the sarne statistical power. An example of how LD can be used in the 

successful search for genes in a complex genetic disease is that of Insulin-dependent 

diabetes mellitus (IDDM). The preferential transmission of a specific class 1 allele (8 14) 

of the insulin gene VNTR has been established and replicated (Bennett, Lucassen et al. 

1995; Bennett. Wilson et al. 1997). This. despite the failure of genome-wide linkage scans 

to identiQ strong positive loci. 

The conceptual differences between parametric linkage analysis and linkage 

disequilibrium may help to clarifj some of the foregoing information. In linkage analysis. 

the pattern of inhentance of the disease is assurned to match the pattern of gene 

transmission. Recombination events may segregate marker alleles from the disease gene, 

and thus create noise in the analysis. The genotyping of multiplex families allows the 

observation of actual recombination events in the process of cornparhg the pattern of 

disease and marker alleie inheritance. Linkage analysis, when appIied correctly and 

successfûily has a resolution in the order of a megabase-size region. Linkage 



discguihbnum studies, in a sense, anelyze the ~etombination events in a population rather 

than specific families or individuals. In LD, the assumption is that a common ancestor is 

the source of a disease gene that is gradually propagated throughout a population that is in 

some distant way, related to that cornmon ancestor. Since recombination events in each 

successive generation will tend to gradually separate disease genes from adjacent 

polymorphic marken, LD depends on the age of origin of the disease mutation and the 

relative homogeneity of the disease allele. Because of this, LD generally has a difierent 

resolution than linkap analysis, in the order of 100,000bp (Risch 2000). 

1.10 Animal Modek for schizophrenia 

There are no animal models for schizophrenia, or indeed any mental illness. 

Animal models of psychiatrie illness are difficult to assess, since the core symptoms are 

abnormal intemal States, which may exist while a patient appears outwardly normal. 

However. a number of pharmacological, structural Iesion, environmental and genetic 

models have been developed that mimic certain aspects of the illness and are used in the 

screening of potentiai antipsychotic drugs. None of these models is able to capture the 

fidl specûum of abnormalities in schizophrenia, especially since they are usually applied 

to rodents. although non-human primates are occasionally used. Animal models may be 

used to help understand pathophysiological mechanisms in psychosis and schizophrenia, 

but with the exception of the genetic models none can model the etiology. It may not be 

possible to recreate the diversity and complexity of schizophrenia in a single animal 

model, but the combination of these different models does help to understand the 

neuro biology of SC hizophrenia. 



1.10.1 ~karmffm!ogicaf animammai models 

Pharmacological rnodels include acute challenge and chronic treatments with 

dopamine agonists (amphetamine, apornorphine) (Hantraye 1998; Castner and Goldman- 

Rakic 1999), hallucinogens such as phencyclidine (PCP), lysergic acid diethylamide 

(LSD), MK-80 1, psilocybin and ketamine (Noda, Yarnada et al. 1995; Reijmers. 

Vanderheyden et al. 1995; Sams-Dodd 1997; Sarns-Dodd 1 998), and neurotoxins 

(methylazoxymethanol acetate, 6-hydroxydopamine, p-chlorophenylalanine) (Johnston. 

Barks et al. 1988; Lillrank, Lipska et al. 1995). The dmgs rnay be given to adult animals 

or targeted to specific periods in development. The behavioural tests used to evaluate the 

animal models may be grouped into the following categories: DA-rnediated 

unconditioned behaviours, conditioned DA-mediated behaviours, attention / information- 

processing deficits. and negative symptom paradigms (Josselyn and Vaccarino 1998). 

DA-mediated unconditioned behaviours are commonly evaluated by observing locomotor 

activity, DA-induced circling behaviour, catalepsy. limb retraction tirne. and alterations 

in stereotyped behaviour. Conditioned DA-mediated behavioun include operant 

responding for reward (either food or brain stimulation), conditioned place preference. 

conditioned activity, and conditioned avoidance response. Attention and information 

processing ability are often measured with prepulse inhibition (Ellenbroek. Geyer et al. 

1995; Swerdlow and Geyer 1998) and evoked potentials. Animal correlates of negative 

symptoms may be observed in social isolation/interaction protocols and the elevated plus- 

maze. 

Using dopaminergic dmgs in pharmacological models of schizophrenia leads to 

some circular reasoning in the screening of novel neuroleptic agents. If an animai 



phenotype that resafts h m  a manipiatim of the dqmnhergic system (e.g. 

amphetamine treatment) is normalized by a given h g ,  then that dnig is deemed to have 

antipsychotic potential. These models establish ody  that the dmgs in question are 

dopamine antagonists, which is not surpnsing since al1 existing antipsychotics are 

dopamine antagonists. However, considering that many of these behaviours are the result 

of activation of al1 dopamine receptor subtypes, the potential of DA receptor selective 

ligands (and ligands that indirectly modulate the dopamine system) can be assessed. 

These studies are also usehl in identi&ing potential side effects of novel drugs. 

Phencylidine (PCP) is a hallucinogenic drug of abuse; a single dose can produce 

psychotic symptorns in humans. similar but not identical to psychotic episodes in 

schizophrenia. It is an antagonist of NMDA glutamate recepton, but also interacts with 

the sigma binding site in the brain. Some of the behavioural effects of PCP and other 

NMDA channel biocking drugs. like MK-80 1, are similar to those of amphetamine. In 

rodents. these effects include increased locomotor activity and stereotypic behaviour. and 

persist with chronic administration (Steinpresis 1996). However. in contrast to 

amphetamine, chronic PCP treatment produces tolerance rather than sensitization in 

acoustic stade, intracranial self-stimulation, and Y-mue performance. PCP-induced 

sterotypies and hyperactivity are reveaible with neuroleptic treatment. but alterations in 

stimulus discrimination and social behaviour are not (Steinpresis 1 996). 

Chronic PCP administration produces iasting psychotic symptoms in humans. 

including auditory hallucinations, paranoid delusions, and cognitive impairment. 

Non-human primates, when exposed to phencyclidine! show reduced prefkontal cortical 

dopamine transmission associated with fiontostriatai cognitive dysfunction, similar to the 



Andings in schnophRma ffentsch, Taylor et d. 1999). Chronic o<posure in monkeys 

produces enduring deficits that persist after phencyclidine is discontinued, and the 

cognitive deficits are improved by clozapine treatment (Jentsch, Redmond et al. 1997). 

Non-human primates also exhibit changes in locomotor activity and social behaviour. 

with preservation of motor function; features that capture more of the complexity of 

schizophrenia than other pharmacological models (Jentsch and Roth 1999). 

1.10.2 Lesion rnodels for schizophrenia 

Lesion models, in general, involve a drastic intervention in the animai brain. and 

so their fidelity as an etiological model for schizophrenia is questionable, since 

significant neurological lesions would exclude the diagnosis of schizophrenia in humans. 

Lesions in the hippocampus (Lipska Swerdlow et al. 1995). frontal cortex (Flores, Wood 

et al. 1996), donolaterai PFC, and intracerebroventricular kainic acid injection (Bardgett, 

Jackson et al. 1995; Stevens, Nagamoto et al. 1998) have been used to create structural 

models of psychosis in animais. Exposure to certain toxins can also create lesions in 

populations of wlnerable neumns. For example, fetal exposure to methyl-azoxymethanol 

acetate (MAM) results in destruction of rapidly dividing neurons. At gestationai day 15. 

MAM administration disrupts the cytoarchitecture of the hippocampus and prefiontal 

cortex, and results in hyperactivity, perseveration, cognitive impairment and disniption of 

latent inhibition (Johnston, Barks et al. 1988). 

The neonatal ventrai hippocampal (VH) lesion model is of particular interest 

because it incorporates many diverse features of schizophrenia. The VH lesion produces 

behavioural and biochemical abnorxnalities similar to those seen in pharmacological 



animal modek used to test nemleptic drugs, md in patients wih schizophrenie. 

Although initiaily normal, these rats develop hyperactivity spontaneously and after 

stimulation with amphetamine or with stress. when compared with controls. Halopend01 

blocks the emergence of hyperactivity in the Iesioned anirnals. In addition. these anirnals 

have impaired pre-pulse inhibition that develops at day 56 but not day 35 post-injection 

(Lipska, Swerdlow et al. 1995), decreased haloperidol-induced cataleps y. decreased apo- 

morphine-induced stereotypy (Lipska, Jaskiw et al. 1995; Swerdlow. Lipska et al. 1995). 

increased startle amplitude, and persisting deficits in spatial learning and working 

memory (Chambers, Moore et ai. 1996). The lesioned rats also have attenuated 

extracellular DA levels in the striatum after stress and amphetamine exposure (Lillrank, 

Lipska et al. 1999). Of relevance to the genetic factors conaibuting to schizophrenia is 

that the locornotor abnormalities induced by VH lesions are strain dependent. Fischer 334 

rats display changes in locomotion at post-operative day 35. and efiects at day 56 were 

exaggerated in comparison with Sprague-Dawley rats. who are normal at day 35. Lewis 

rats, in contrat, appear to be resistant to the motor effects of VH lesions (Lipska and 

Weinberger 1995). 

Excitotoxic lesions of the medial prefiontal cortex (MPFC), created with 

intracranial ibotenic acid injection in neonatal day 7 rats, have also been investigated as 

potential animai models of psychosis. At day 56, MPFC-lesioned Sprague-Dawley rats 

demonstrate enhanced locomotor activity spontaneously and with d-amphetamine. in 

comparison to sham-lesioned animals. Dopamine D2 receptor expression is persistently 

increased in striatal and limbic areas, and there is a srnail, transient elevation in dopamine 

transporter expression in the shell of the nucleus accurnbens (Flores, Wood et al. 1996). 



Others h o m e r  report contradictory findings: attenuated locomotor activity in response 

to novelty, amphetamine and MK-801, and no change in striatal dopamine D2 receptor 

expression (Lipska, al-Amin et al. 1998). These authors also find increased apomorphine- 

induced sterotypies as a result of the lesion (Lipska, ai-Amin et al. 1998). No changes in 

stade amplitude or PPI are seen with neonatal MPFC lesions (Brake, Flores et al. 2000). 

Adult lesions of the MPFC do not seem to affect latent inhibition, but there are reports of 

both inhibition (Yee 2000) of and enhancement (Lacroix, Spinelli et al. 2000) of PPI. 

Other abnorrnaiities associated with adult rat MPFC lesion include: abolishment of the 

partiai reinforcement extinction effect and transient hyperlocomotion (Yee 2000). 

1.10.3 Environmental animal models of schizophrenia 

Environmental manipulations include isolation-rearing (Vaizelli. Bemasconi et al. 

1977), pre-weaning non-handling (Shalev, Feldon et al. 1998), hypoxia (Schwarzkopf, 

Mitra et al. 1992). and prenatal maternal malnutrition (Morgane, Austin-LaFrance et al. 

1993), dl of which have been proposed as etiological factors in schizophrenia. Isolation- 

rearing produces enhanced dopamine-agonis induced stereotypic movernent. 

spontaneous hyperactivity, impaired PPI and impaired schedule-induced behaviom 

similar to those seen in amphetamine-treated animals. These abnormalities are reversible 

with resocialization (Lillrank. Lipska et al. 1995). Hypoxia increases stereotypic 

movements and impairs PPI, but reduces locomo tor activity . Matemal malnutrition 

produces diffise rnorphological changes in the brain that result in leaming, anentional 

and adaptation deficits that are permanent. Al1 of these environmental models are 



associated with neurochemicat changes h the d o p h e  system ( t i ~ ~ ,  Lipska et ai. 

1995). 

1 .1  0.4 Genetic animal models for schizophrenia 

Some of the abnomdly expressed genes in schizophrenia have mouse knock-out 

transgenic models (see section i .4 . j  Gene expression in schirophrenia). The reeler 

mouse has a characteristicdy ataxic gait that results from the deletion of the gene 

encoding for the reelin protein. Similar in both behavioral and histological phenotype is 

the scrarnbler mouse, which has a mutation in the gene disabled-1 (Dab-l), thought to 

function as an adaptor molecule in the transduction of protein kinase signals (Rice, 

Sheldon et al. 1998). Reln affects the position of Pwkinje cells and intemeurons, 

regulates cortical pyramidal neurons, and affects the growth and migration of neurons 

during development ( C m  and D'Arcangelo 1998). Deletion of either the 0061, or the 

Reln gene results in widespread abnormalities in laminar structures throughout the brain. 

which are relevant to schizophrenia because of the observed cytoarchitectural 

abnormaiities. In particular. both genes appear to be involved in the migration of 

neuronal precursors into the preplate. Deletion of these genes can prevent alignment with 

the cortical plate. and interfere with subsequent laminar positioning (Rice, Sheldon et ai. 

1998). 

The coloboma (Cm/+) mutant mouse has 1-2cM deleted from chromosome 2. in a 

region that includes the genes for SNAP-25 and phospholipase C isoform P-1. Coloborna 

mice exhibit delayed neurobehavioural developmentai milestones (Heyser, Wilson et al. 

1995) and profound spontaneous locomotor activity (Hess, Jinnah et al. 1992). This 



p d k k  the hyperactit-ity seen with the VH-lesiontxi F344 rats (tipska, faskiw et al. 

1993), and is aiso similar to the hyperactivity induced by amphetamine treatment (Geyer, 

Russo et al. 1987). The Cd+ mouse hyperactivity was corrected when a SNAF-25 

transgene was bred into the strain. showing that the hyperactivity was due to the SNAP- 

25 deletion (Hess, Collins et al. 1996). Coloboma mice also exhibit regional and 

transmitter specific deficits in neurotransmission, notably in glutamate and dopamine 

release (Raber, Mehta et al. 1997). 

I.I I Sumrnaty 

The most robust findings in schizophrenia include epidemiological. 

phenomenological, pathological and pharmacological data. Schizophrenia is a brain 

disease that affects 1 out of every 200 people of al1 races, social classes. countries and 

both sexes. Heaith-care and social costs of the illness are disproportionately greater than 

the prevalence of schizophrenia would suggest. The cerebral cortex of people with the 

disease is reduced in volume, especially in the frontal and temporal areas. and the cellular 

architecture of the cortex is disrupted. Patients not only have psychotic symptoms. but a 

variety of nonspecific cognitive and neuropsychological abnormalities. Antipsychotics 

and psychosocial interventions reduce relapse of psychotic symptoms. but negative 

syrnptoms are a powerful determinant of outcome. The dopamine system is undoubtedly 

involved in modulating psychotic experiences, but is not necessarily involved in the 

cause. The most important element of vulnerability to schizophrenia is genetic. 

accounting for 80% of the risk for developing the illness. But environmental, epigenetic, 



or as yet lxnkrrown mechmisms aisa mfiuence the deveiopmmt &the iilness (Tandon 

1999). 

Less certain are conclusions based on these findings. Schizophrenia is likely a 

neurodevelopmental disorder that rnay aiso be affected by ongoing changes in brain 

structure. It is unlikely that a single gene causes schizophrenia, and more likely that a 

group of many genes, possibly interacting, are responsible. However, no genes have yet 

been shown to def~iùvely increase the risk of developing the illness. Animal models 

share some, but not ail of the features of schizophrenia, and have helped in understanding 

more of the neurobiology. 

The findings reviewed above are not comprehensive; the selection of topics and 

depth of coverage is necessarily biased towards information pertinent to the experiments 

in this dissertation. However, many scientific investigations in schizophrenia encornpass 

areas outside the scope of this thesis. and include sociologicai and anthropologicai work 

as well as vital psychosocial research aimed at non-medicai treatments and suppon for 

patients with schizophrenia and their families. While a cure or at l e s t  better treatments 

are sorely needed, there are people with the disease who need treatment right now: they 

cannot wait for a greater understanding of the illness to improve their care. As research in 

non-industrialized and developing countries suggests, outcornes may be improved 

through social and environmental interventions that do not rely on sophisticated 

knowledge of the neurobiology of schizophrenia. 



2. Objectives and Hypothesîs 

2 a  I Objectives 

The main objectives of this thesis project are: (i) to identiQ genes related to the 

pathophysiology or etiology of schizophrenia and psychosis, by looking for differentially 

expressed genes in rat preparations relevent schizophrenia, and (ii) to test the candidate 

genes using genetic association analysis, for linkage with schizophrenia in a sample of 

schizophrenia trios and families. 

2 a  2 Assumptions tinderly ing experimental s trategy 

There are abnormalities in brain hinction. structure, histology, and gene expression 

in schizophrenia, and a significant genetic vulnerability to schizophrenia. It is likely that 

differences in gene expression mediate these neurobiological abnormalities. and that these 

genes may be involved in either the pathophysiology or etiology of the disease. It is 

hypothesized that analyzing cortical gene expression differences in several rat preparations 

relevant to schizophrenia will identiQ huictionally significant genes related to the 

etiology, pathophysiology or treatment of schizophrenia. The use of a variety of rat 

preparati~ns d i  albw the identification of genes related to the saiient aspects of each 

mode1 phenotype. This will provide a more complete picnire of the genes related to 

specific behavioural phenotypes and vulnerability factors, recognizing that no single 

animal mode1 captures al1 the features of schizophrenia. Furthemore, the genes identified 

rnay be associated with schizophrenia in genetic linkage analysis. Specific assumptions for 

each rat cornparison are listed below: 



1. C @ s m  bawrrrr F3.14 and Lewis rats wiit yietd candidate genes rriated to m e s  

differences that may be related to the differences in vulnerability to the effects of the VH- 

lesion. 

2. Comparisons between VH-lesioned and sham operated F344 rats will identify 

differentially expressed genes related to the abnormal behaviours seen in the VH-1 esioned 

animals. Some of these genes may also be related to the phenotype of psychotic symptoms 

in humans. 

3. Comparisons between haloperidol-treated and vehicle-treated animals will yield genes 

related to neuroleptic response in both normal and lesioned animals. 

4. Comparisons between adult and neonatal F344 rats will yield genes that are expressed 

at different levels during development. These genes may modulate the delayed emergence 

of abnomai behaviours in the VH-lesioned rat, and the adolescent onset of schizophrenia. 

2.3 Hypoth esis 

Candidate genes identified as differentially expressed in a variety of rat 

preparations, including the neonatal VH-lesioned rat model, will have a significant 

association with schizophrenia in patient samples fiom Toronto and Portugal. 



The following four chapten each represent publications fiom the work done during 

the PhD program. The details of the experimental methods are found in chapten 4-7, but 

for clarity, the approach taken and the experimental strategy are sumrnarized here. Two 

different techniques were used to assess differential gene expression in the various rat 

preparations: subtraction-suppression PCR (ssPCR) and commercial cDNA microarrays. 

The ssPCR experiments are descnbed in chapter 4, and the microarray experiments are 

detailed in chapter 5. Chapters 6 and 7 descnbe the genetic association studies with two of 

the candidate genes identified using the animal preparations: 14-3-3 and SNAP-25. 

Chapter 8 sumarizes the results, and includes a discussion of the significance of the 

findings, their implications. and future research possibilities. 

The rat preparations, sumrnarized in table 3.1, are based on the neonatal ventral- 

hippocarnpal lesion rat mode1 developed by Lipska and Weinberger. Comparisons 

between lesioned and sham-lesioned rats identie differentially expressed genes related to 

the lesion and the lesion phenotype. Haloperidol treatment of lesioned, sharn-lesioned. and 

control Fischer 344 rats (F344) will permit the assessment of genes related to neuroleptic 

response in both normal and diseased phenotypes. Comparisons between neonatal and 

adult F344 rats allow an assessment of developmental changes in gene expression that 

may be susceptibility or protective factors. This is relevant to schizophrenia because of the 

onset in early adulthood. Comparisons between F344 and Lewis rats permit the 

identification of non-developmental genes that are protective or that confer vulnerability 

to the abnormal phenotype. Lewis rats are relatively resistant to the lesion effects when 

compared to F344. This is relevant to the phenotypic heterogeneity seen in schizophrenia. 



Subtraction-suppression PCR (Chapter 4): 
Adult (day 70) vs. neonatal (day 5-7) Fischer 344 rats 
Adult F344 vs. Lewis rats 
Addt F344 treated with haloperidol vs. control vehicle 

cDNA microarray hybridization blots (Chapter 5): 
VH-lesioned F344 vs. sham-lesioned F344 
VH-lesioned F344 treated with haloperidol vs. control vehicle 
S hm-lesioned F344 treated with haiopendol vs. control vehic le 
Adult (day 70) vs. neonatal (day 5-7) Fischer 344 rats 
Adult F344 vs. Lewis rats 
Adult F344 treated with haioperidol vs. control vehicle 

The temporal and fiontal cortex were isolated separately from the various rat 

groups, and the mRNA exnacted fiom these tissues was kept separate. These two areas of 

the rat brain were chosen because of the gross, microscopic and functional abnormalities 

found in these brain areas in schizophrenic patients (see Chapter 1 : Introduction). The 

tissues were kept separate to allow the identification of regionally specific differences in 

gene expression, and to provide information about genes that may be suppressed or 

induced by surgicd damage. In the lesioned mimals, a stereotactic injection needle passes 

through the temporal cortex before delivering ibotenic acid into the ventral hippocampus. 

The injection procedure therefore, causes some tissue destruction in the temporal cortex. 

but not the fiontal cortex. 



4. Identification of candidate genes using subf raction- 
suppression PCR in rat schizophrenia models 

"Myths can make reality more intelligible" 
J e ~ y  Holtzer, lrtrisms 77-79 

A bstract 

Background: Although the genetic contribution to schizophrenia is substantial. positive 

findings in whole-genome linkage scans have not been consistently replicated. Animal 

models of schizophrenia may exhibit differences in gene expression that may be related 

to their abnormal phenotype, and these genes may be candidates for schizophrenia 

genetic studies. 

Methods: Suppression PCR with subtractive cDNA hybridization (SS-PCR) was used 

with polyA mRNA fiom temporal and frontal cortex of rats. The expression of genes was 

compared between: adult Lewis and Fischer 344 rats (F344); adult and neonatal F344; 

and adult F344 treated with haloperidol or control vehicle. These groups were chosen 

because each highlights a particular aspect of schizophrenia: differences in strain 

wlnerability to behavioural analogues of psychosis; late-adolescent or early adult onset 

of schizophrenia; and improvement of positive symptoms by haloperidol. 

Resuits: A limited number of genes involved in cellular metabolism. intracellular 

signaling, and synaptic transmission have been identified. 

Conclurions: These genes may be of functional importance in the etiology, 

pathophysiology or treatment response of schizophrenia or psychotic symptoms. Genetic 

association and linkage analysis of these candidate genes may provide f i e r  evidence 

for their involvement in schizophrenia. 



4.1 m o d u ~ o ~  

Schizophrenia is a major mentai illness that affects people worldwide, with a 

lifetime prevalence of approximately 0.5-1% (Kaplan. Saddock et al. 1994). Although the 

genetic contribution to the risk of developing schizophrenia is substantiai. the underlying 

etiology and pathophysiology remain unknown. Neuroleptics are an effective treatment 

for the positive symptoms of schizophrenia, but the illness continues to produce 

considerable disability (Sartonus, Jablensky et al. 1986; Jablensky 1987). While 

continuing research into optimizing existing drugs and psychosocial treatments is vital to 

improve the quality of life of our patients at present, categorically improved treatment 

depends on knowledge of the underlying causes and mechanisms of schizophrenia. The 

search for causative genes in this complex neurodevelopmental disorder has been 

unsuccessful so far. Linkage studies have identified loci on chromosomes 1.5,6.8. 1 1 

and 22, but definitive, consistent results remain elusive (Barden and Morissette 1999; 

Craddock and Lendon 1999: Crowe and Vieland 1999; Curtis 1999: Detera-Wadleigh 

1999; Gejman 1999; Hailmayer 1999; Kennedy. Basile et al. 1999; Numberger and 

Foroud 1999; Paterson 1999; Schwab and Wildenauer 1999; Van Broeclchoven and 

Verheyen 1999; Wildenauer and Schwab 1999; Brzustowicz, Hodgkinson et al. 2000). 

No whole genome scans have met proposed significance criteria for linkage in a complex 

disease (Lander and Kniglyak 1995), and reports of linkage have not been consistentiy 

replicated. 

As with other complex genetic diseases, h d i n g  causative genes, or genes that 

confer a vulnerability to developing the illness, has been hampered by many factors. The 

problems of phenocopies, population stratification, incomplete penetrance, an unknown 



mode of mhmtmirr, ;tssortative matmg, g d c  heterogeneity, and the possibiîity of 

many interacting genes, each of which may confer oniy a moderate or smail relative risk 

for schizophrenia, create a formidable challenge. In addition, the uncertainty of purely 

clinical diagnosis. the very nature of the illness, and the stigma associated with 

schizophrenia, introduce another set of hurdles not encountered in studying other 

complex genetic diseases like cancer or diabetes (Risch 1990; Risch 1990; Lander and 

Kniglyak 1995). One strategy to address some of these issues is to assess candidate genes 

that have a plausible relationship to what is known of the neurobiology of schizophrenia. 

Screening candidate genes may be a better strategy than hypothesis-free genome 

scanning approaches. Even using a linkage disequilibrium (LD) approach with proband- 

parent trios, up to 500,000 marken may be required for a comprehensive genome-wide 

scan (Risch and Merikangas 1 996), which is not feasible at present. The search for 

associations with candidate genes has included a wide variety of genes involved in neural 

development. neurotransmitten, and neural proteins, but again, none of the positive 

findings have been replicated consistently and unambiguously. Using candidate genes in 

LD and association studies is not ody a statistically advantageous strategy. but is a search 

infonned by knowledge of the function of putative genes in the pathophysiology of 

schizophrenia. To identify new candidate genes for schizophrenia. a novel strategy is 

proposed: using rat models based around the ventral-hippocampal (VH) lesion model. 

Lipska and Weinberger developed the neonatal vend-hippocampal (VH) lesion 

procedure in rats as a model for schizophrenia. The VH lesion produces behavioural and 

biochemical abnormalities similar to those in other animal models used to test neuroleptic 

drugs, and in patients with schizophrenia. Although initially normal, these rats develop 



hyperaciivity spontaneously and a& stimularion witb amphetamirie or with stress, when 

compared with controls. Halopendol blocks the emergence of hyperactivity in the lesioned 

animals. In addition, these animals have impaired pre-pulse inhibition that develops at day 

56 but not day 35 post-injection (Lipska, Swerdlow et al. 1999, increased stade 

amplitude. and persisting deficits in spatial leming and working memory (Chambers, 

Moore et al. 1996). The lesioned rats also have attenuated extracellular DA levels in the 

striatum afler stress and amphetamine exposure (Lillrank, Lipska et al. 1 999). Other 

features of the VH-lesioned rats are not necessarily related to schizophrenia but are seen 

with behavioural tests used to evaluate the EPS potential of antipsychotics, such as 

decreased haloperidol-induced catalepsy and decreased apo-morphine-induced stereotypy 

(Lipska, Jaskiw et al. 1995; Swerdlow, Lipska et al. 1995). Of relevance to the genetic 

factors contnbuting to schizophrenia is that the locomotor abnormalities induced by VH 

lesions are strain dependent. Fischer 334 rats display changes in locomotion at post- 

operative day 35, and effects at day 56 were exaggerated in comparison with Sprague- 

Dawley rats, who are normal at day 35. Lewis rats, in contrast, appear to be resistant to the 

motor effects of VH lesions (Lipska and Weinberger 1995). Differences in gene 

expression between rat nains may affect vulnerability to the abnormal behaviours induced 

by the VH-lesion. 

Any animal mode1 of psychiatric illness is problematic since the core symptoms 

reflect abnormal internai states, which may exist while a patient appears outwardly 

normal. However, these VH lesioned rats exhibit some of the more important biological 

and behavioural correlates of schizophrenia: cortical migration defects, dopaminergic 

system abnormalities, cognitive impairment, hippocampal changes and 



hypmsponsivcness to amphetamine and stress (tipska and Wehberger 2000). As weif, 

they exhibit a delayed onset of signs roughly parallel to the onset of schizophrenia in 

humans. Fischer 344 rats, which appear most responsive to the VH lesion, are an inbred 

strain, and so each animal should have the sarne levels of mRNA expression and nearly 

identicai responses to various manipulations. Unless specificaily inbred strains are created 

for experimental use, most marnais  (humans included) have a great degree of variability 

in inter-individual gene expression. This lirnits the application of differential expression 

strategies in the study of post-mortem human tissue, since the background of differentially 

expressed genes may obscure the few genes that might be differentially expressed because 

of schizophrenia. 

Based on the VH-lesion model, an assessrnent of differentially expressed genes 

was carried out in 3 sets of animals, to focus on strain differences. age of phenotype onset. 

and neuroieptic treatment. These cornparisons were performed on: F344 vs. Lewis rats: 

adult vs. neonatal F344 rats; and neuroleptic treated vs. control treated F344 rats. These 

groups were chosen because each highiights potential genetic factors that may contribute 

to the cause or physiology of schizophrenia: genetic differences in vulnerability to 

psychosis; late-adolescent or early adult onset of schizophrenia; and improvement of 

positive syrnptoms by haloperidol. The suppression PCR procedure was applied to polyA 

mRNA from frontal and temporal cortex. These tissues were chosen because 

cytoarchitectural abnormalities have been locaiized in these areas in postrnortem 

schizophrenic brains (Harrison 1999). Abnormalities in imaging studies. motivation. 

cognition and perception have aiso been attributed to these brain areas in schizophrenia 

(Stefanis 1994; Weinberger 1 995). 



42 Materio& and Metkotts 

42.1 Animal rnodels 

Ai1 animal procedures were carriecl out in accordance with the regdations of the 

institutional animal care cornmittee, which ovenees and approves a11 animal 

expenmentation. Animals in our facility were obtained from Charles River Laboratories 

Inc. (Wilmington. MD), and were housed in our animal colony with 12-hour light-dark 

cycles and food ad libitum. Adult (d50)  Fischer 344 and adult (d5O) Lewis rats were 

housed for huo weeks until being sacrificed at - day 70. Pregiant F344 rats gave birth 

shortly before or after delivery, and neonatai (d5-7) rats were sacrificed. Several groups of 

adult F344 animals received daily treatment with either i.p. haloperidol (Research 

Biochemicals International) dissolved in 1.5% tartaric acid (Fisher Scientific Company. 

Fair Lawn, NJ) at a dose of O. 15mg/kg, or the vehicle alone, for 14 days. 

4.2.2 RNA isolarion 

Poly A, and total RNA isolation was done with the Rneasy@ Mini Kit (Qiagen 

Inc. Valencia, CA) and the Oligotex mRNA mini Kit (Catalogue #70022. Qiagen Inc. 

Valencia, CA) respectively. 

4.2.3 Identz~cation of dtflerentially expressed genes 

Suppression PCR with subtractive cDNA hybridization (ss-PCR). (Hecirick. Cohen 

et al. 1984; Lisitsyn, Lisitsyn et al. 1993; Diatchenko and et al. 1996) was used to identiQ 

difFerentially expressed genes. The Clontech P C R - S ~ I ~ C ~ ~ ~  cDNA Subtraction Kit 

(Catalog #KI 804-1, Clontech Laboratones Inc Pa10 Alto, CA) was used and differential 



expression was c a m  with the Clontech K R - S d a  Differentiat Screening Kit This 

was applied to 3 animal paradigms: F344 treated with halopendol or vehicle. adult F344 

vs. Lewis, and adult vs. neonatal F344 rats. The ss-PCR procedure was applied to a total 

of 12 samples (three animal comparisons, with both fiontal and temporal cortical tissue. 

with each RNA sample being used altemately as "tester" and "driver"). The "fonvard" and 

"reverse" ss-PCR products were combined for each tissue type in each animal comparison, 

since each reaction identifies increased expression in the "tester" tissue. Pooled samples 

therefore, contain genes that are both u p  and down-regulated in each animal comparison. 

The ss-PCR reaction is illustrated in figure 4.1. Temporal and frontal cortex samples were 

kept separate to allow for later localization of differential genes. 

Six cDNA libraries were cunstructed. consisting of comparisons between each of 

the 3 animal conditions for both temporal and frontal cortical tissue. Each cDNA library 

was created by cloning the PCR product into the PT-Adv Vector (Clontech) and 

transfecting Epicurian Coli@ XL 1 O - G O I ~ ~  Ultracompetent Cells (Stratagene. La Jolla, 

CA) using the manufacturer's protocol. cDNA libraries were plated ont0 X- 

galactosidase/IPTG agarose plates (1 00rnm). Approximately 50% of colonies were 

positive in the blue/white screening. After titring the library to determine the optimal 

concentration, libraries were plated ont0 1 Ox I60mm LB-ampicillin plates, yielding an 

average of -5000 colonies per plate. Therefore, a total of 50,000 colonies were screened 

for each library to ensure a representative sample. 



Figure 4.1 Subtraction-suppression PCR rocedure, reproduced with permission (see 
Supplcment 1) h m  Clontech PCR-SelectR cDNA Subtraction Kit Manual (Catalog 
#K 1804- 1,  Clontech Laboratones Inc Pdo  Alto, CA). 



Cotonies mre tifted with Cotony/Piaque Screen ni hybrîdization tram fer 

membranes (NEN@ Research Products/Dupont. Boston, MA), washed twice in 0.5N 

NaOH, and twice in 1 .OM Tris-HCI. pH 7.5, and baked at 1 OOOC for 1 hou.  Probes from 

each ss-PCR product (pooled in the same way as the cDNA libraries) were created using 

tertiary PCR of the ss-PCR reaction according to the manufacturer's procedure 

(Clontech). The probes were labeled with a3 'p  (Easytides a-."~ dCTP. 6000 

Ci/mmol, NEN, Boston, MA). using the &dom Prirned DNA Labeling Kit (Boeringer- 

Mannheim GmbH, Germany). The membranes from the haiopendol vs. vehicle 

comparison were probed first with adult F344 vs. day 6 F344 probe, and second. with 

Lewis vs. Fischer probe. The membranes from Lewis vs. F344 cornparisons were probed 

first with haloperidol vs. vehicle probe and then with haloperidol vs. vehicle probes 

(Figure 4.2). The membranes were hybridized with a mixture of l%SDS, 2x SSC, and 

10% dextran sulphate in 50% deionized formamide. 100pl of blocking solution: 

IOmg/mL fish sperm DNA, 25 pg each of the nested PCR primers used in the original 

reactions, and 75 pg of PT-Adv plasmid was added to each I O  mL of hybridization 

solution to decrease non-specific hybridization. 

Membranes were pre-hybridized for 4 h o u  at 42OC with gentle agitation. Probes 

were denatured at 95OC for 10 minutes, and cooled on ice for 15 minutes before being 

added to the hybridization bath. Hybridization ovemight at 42OC was followed by washes 

in 2x SSC, 0.1% SDS for 15 minutes at 65OC, and 0.2% SSC, 0.1% SDS for 15 minutes 

at 6S0C. The membranes were then wrapped in plastic and exposed to X-ray film. From 

these films a random selection of 80 colonies were chosen. The onginal colonies were 

picked fiom the plates, grown in LBA, and DNA extracted using standard procedures. 



scanned for homology in the NCBI Genbank database. 

Halopendol vs. control vehicle 
treatment in F344 rats 

Figure 4.2 Pmbing procedure of the libraries generated using ss-PCR. The mows 
indicate the libraries used to generate probes to probe the filters representing other 
libraries. Al1 positives therefore represent colonies that contain cDNA fragments 
common to ati three iibraries 

4- 2.4 Northern Blots 

PolyA RNA fiom a separate set of animais (distinct h m  the rats fiom which the 

RNA for ss-PCR were obtained) was glyoxylated by combining 2.6~1 RNA ( 1 pg) with 

1.5~1 0.1 M Naphosphate pH 6.8,8pl DMSO and 2.6pi deionized glyoxal, and hcubating 

@ 5 1°C for 1 hr. After adding 2pi RNA loading buffer, the samples were nui in a 1 % 



agarose gel in t 5 d  NaPhosphate bttfFêr et 60V for 2-3 h. RNA was t r a n s f d  to 

Hybond M - ~ +  positively charged nylon membrane Version 2.0 (Amersham Life 

Science, Amersham, UK) with ovemight capillary transfer in 25rnM Naphosphate buffer, 

and then baked @ 80°C for 2 hrs. Radiolabeled probes prepared from the selected 

positive clones were hybridized according to the protocol provided by Amersharn, UK. 

The northem blots were exposed on a phosphor-imaging screen and read with a scanner 

(MolecuIar Dynamics Storm 860, Sunnyvale, CA). The Northern blots were analyzed and 

quantified with ImageQuant software (Molecular Dynamics Storm 860, Sunnyvale. CA). 

Three sets of Northern blots were performed to confïrm difierential expression. The 

expression levels of each gene in each blot and for each animai group, were quantified as 

a ratio of optical intensity vs. the intensity of a cyclophilin control band. The values for 

each gene between blots were then normaiized to the F344 fiontai sarnple (assigned a 

value of 1). Statistical comparisons included one-way ANOVA on the sarnples for each 

gene, and students t-test on each pair of relevant comparisons (for temporal and frontal 

tissue separately): adult F344 vs. day 6 F344, F344 vs. Lewis, halopend01 treated vs. 

vehicle treated F344. 

4.3 Resul~  

Approximately 10-20% of plated colonies in each of the six libraries were positive 

in the first cross-library hybridization. 30-60% of those colonies were again positive in the 

second round of cross-library probing. Therefore, each plate had -300 positive colonies, 

for a total of -3000 positive colonies in each library (represented by -50,000 colonies). 

From these positive clones, 80 (out of a total -1 8,000 clones) were randomly selected. 



niese 80 positive clonts were each s q w n d  and analyzed to yieid a iimited number of 

candidate genes: mitochondrial cytochrome oxidase (cornplex IV) subunits including 

COX 1 and 2; rnitochondriai tRNA; y and 6 isoforms of 14-3-3, a protein kinase regulatory 

protein: adenosine monophosphate deaminase 3 (Ampd3), and SNAP-25 (25kD 

synaptosomal associated protein). Mitochondnal cytochrome oxidase (COX) c subunits 

were identified in 43 clones. In these positives, 27 different parts of the COX gene (some 

overlapping) were present, due to the way in which the ss-PCR selectively amplifies parts 

of differentially expressed genes. Different parts of mitochondrial 12s and 16s rRNA was 

found in 2 clones, and 4 clones were of 3 non-identical parts of mitochondrial COX b 

subunits. Five clones matched 2 different parts of the rat mitochondrial genome, and one 

clone matched mRNA for the Mssl protein. Two different and non-overlapping parts of 

SNAP-25 were identified in two separate clones. The 14-3-3 y isoform gene was positive 

in 1 clone, and the < isoform, in 2 identical clones. One sequence From AMPD3 was found 

in two clones. The remaining positives were plasmid-related inserts (1 0). EST'S (6), or 

unknown sequence (2) that did not have significant homology to any sequences in 

Gen bank. 

We have confirmed the differential expression of 14-3-34, Ampd3 and COXl with 

Nothern blots of polyA rnRNA isolated from the sarne three animal preparations (figure 

4.3). One-way ANOVA on each gene yielded p-values < 0.0006. T-test cornparisons 

showed significant di fferences between @-values in parentheses): Ampd, F344 vs. day 6 

frontal (0.0 12), F344 vs. day 6 temporal (0.0 13); COX 1, FM4 vs. day 6 frontal (0.02), 

F344 vs. day 6 temporal (0.0001), F344 vs. Lewis temporal (0.001) and for 14-3-35? F344 

vs. Lewis temporal (0.044), with the fim of each pair showing greater expression levels. 





Figure 4.3b Northem blot comparisons showing ratio values of each band vs. 
cyclophillin control values for 14-3-3. T-test comparisons showed sipificant differences 
between (p-values in parentheses): F3 44 vs. Lewis temporal (0 .O44), with F344 showing 
greater expression levels. 





44 Dkwsion 

The candidate genes identified were differentially expressed in rats as a result of 

differences in strain type, age and treatment with halopendol. This is a novel approach to 

the identification of candidate genes in schizophrenia. Instead of punuing genes that are 

theoretically related to psychosis or its treatment, candidate genes were identified based on 

differential expression in animals that have different vulnerabilities or responses to the 

effects of the neonatal VH lesion. Whiie imperfect, this lesion mode1 simulates some of 

the behavioural phenotypes seen in other animal models used to test antipsychotics. and 

also simulates some of the abnormalities associated psychosis in humans. Therefore, the 

candidate genes we are reporting rnay be important in the pathophysiology of psychotic 

symptoms. 

Although the candidate genes identified were selected der screening for positives 

in the library cross-hybridizations, not ail condition cornparisons showed significant 

differences in expression levels on Northern blots. Haioperidol treatment in particular was 

not associated with significant changes in any rat group cornparison. This could be 

attributed to several factors. The ss-PCR technique is liable to bias in the amplification of 

differentially expressed cDNA fiagrnents. Different cDNA species will be amplified with 

variable efficiency by the ss-PCR reaction. Therefore, the composition of the positive 

clones fiom the cross-hybridization may not be the genes that had the greatest magnitude 

of differential expression. Since the significance of differential expression assessed by 

Northern blotting is based in part on this magnitude of differential expression, 

discrepancies may arise between the ss-PCR and Northem blot resuits. 



Haloperidol-inducd changes in gene exprcssiorr may be cmsidered more closety 

related to schizophrenia than the age or strain-related differences. However, the 

microarray expenments described in the following chapter demonstrate differences in 

haloperidol-induced gene expression in control and lesioned animals. Thus halopendol- 

induced gene expression changes may be more relevant to schizophrenia when seen in the 

context of schizophrenia animal rnodels. rather than normal control animals. 

The finding that the majority of genes identified (5 1/80,61%) relate to the 

oxidative respiratory chah or are mitochondrial genes, mises interesting possibilities for 

fûrther investigation. Although these genes may appear to be irrelevant to schizophrenia, a 

postmortem study of COX (cornplex N) in the basal ganglia of chronic schizophrenics 

fourd decreased activity in the caudate nucleus and increased activity in the putamen and 

nucleus accurnbens (Prince, B l e ~ o w  et al. 1999). The caudate and putamen of 

schizophrenics in another postmortem study were found to contain significantly fewer 

mitochondria than controls. Furthemore. schizophrenics off medication were found to 

have less mitochondria in their neuropil than those patients on neuroleptics (Kung and 

Roberts 1999). The expression of COX subunit 11 and mitochondrial rRNA are reduced in 

post-mortem tissue of schizophrenics (Mulcrone, Whatley et al. 1995; Whatley. Curti et 

al. 1996), and COX activity is decreased (Cavelier, Jazin et al. 1995). Levels of 

mitochondrial NADH-cytochrome b5 reductase, and NADH-ubiquinone reductase. which 

are enzymes involved in energy metabolism, are afso altered in the cortex of schizophrenic 

patients and are reduced by flupenthixol treatment in rats (Whatiey. Curti et al. 1998). 

Other rnodels of psychosis involving PCP or methamphetamine treatment of rats decrease 



COX activity . decreases tbat tend to be normalized by neuroleptic treatment (Prince, 

Yassin et ai. 1 997). 

Recent studies have found that in other neuropsychiatrie diseases such as 

Huntington's and Parkinson's disease, there are demonstrable defects in respiratory chain 

functioning (Hama and Nelson 1999). Although the etiology of Huntington's disease is 

clearly an abnormally expanded CAG trinucleotide repeat in the Huntingtin gene (Group 

1993), there is aiso a substantial reduction in mitochondrial complex IV111 and IV activity 

(Gu, Gash et al. 1996). MRI spectroscopy was used in another study to dernonstrate a 

general defect of  energy metabolism in eight patients with the disease (Koroshetz, Jenkins 

et al. 1997). Studies in animals with a specific complex II inhibitor. 3-nitropropionic acid, 

showed that the symptoms and neuropathology of Huntington's could be replicated by 

impairing mitochondrial functioning (Zeevaik. Derr-Yellin et al. 1995). likely through 

indirect excitotoxic ce11 death (Brouillet, Hantraye et al. 1995). Parkinson's disease is 

associated with loss of dopaminergic neurons in the substania nigra. and is the most 

common movement disorder. Several papers have reported a defect in mitochondrial 

complex 1 in the pan compacta (Bindoff, Birch-Machin et al. 1989; Schapira, Cooper et 

al. 1990) that may be secondary to abnormal mitochondriai DNA (mtDNA) (Swerdlow. 

Parks et al. 1996). 

Aiso of interest is the remarkable clinical heterogeneity seen in the mitochondrial 

encephalomyopathies, not only in symptomatology but in severity and age at onset of the 

iliness. Specific mutations of mtDNA or nuclear mitochondrial genes are often associated 

with different phenotypes in different families (Hanna and Nelson 1999). These findings, 

in combination with the identification of  several mitochondrial candidate genes, lead to 



speculation that mitochondrial functioning may be iavolved in the pethoph y siology of 

schizophrenia, and that dysfunction of the mitochondriai respiratory chain may increase 

the vulnerability to schizophrenia. The human mitochondrial citrate transporter (MCT) 

gene has been mapped to the 22qlI region (Heisterkarnp, Mulder et al. 1995). Many 

patients with velo-cardio-facial syndrome (VCFS) have mutations in the region (Amati. 

Conti et al. 1999). and VCFS patients have a hi& incidence of psychotic symptoms 

(Murphy, Jones et al. 1 999). The possible comection between the psychotic symptorns 

seen in VCFS and schizophrenia is the subject of ongoing investigation, and the 

comection is strengthened by the identification of mitochondrial genes in our 

experiments. 

14-3-3 is a dimeric, regdatory protein (Fu, Subramanian et al. 2000) that interacts 

with a variety of other molecules including: protein kinase C (PKC) (Isobe, Ichimura et al. 

1991), Raf (Qiu, Zhuang et al. 2000), and tyrosine kinases (Itagaki, Isobe et al. 1999). The 

6 isofonn of 14-3-3 interacts with the third intracellular loop of several a2-adrenergic 

receptor subtypes (Prezeau, Richman et ai. 1999). The involvement of 14-3-3 in neuronal 

differentiation (Skoulakis and Davis 1998) may be related to the cytoarchitectural 

abnormalities seen in sorne studies of schizophrenia (Harrison 1999). Interactions with G- 

protein coupled recepton may hplicate the 14-3-3 protein in affecthg response to 

neuroleptics. According to an integrated map of chromosome 22, C14-3-3 and D22S278. 

the marker studied by the schizophrenia consortium appear relatively close (- 1 Mb apart) 

(Schwab and Wildenauer 1999). One group has found an association between the two- 

repeat allele in the 14-3-3 q chain gene and patients with schizophrenia (Toyooka, 

Muratake et al. 1999). While the 4 isoform in particdar was identified in the ssPCR 



experiments as a candidate gene, 0 t h ~ ~  14-3-3 protein chaieins and their i so fms  may dso 

be related to schizophrenia since the various 14-3-3 genes are highly conserved (Swanson, 

Dhar et al. 1993). 

SNAP-25 is a nerve terminal protein that is involved in the assembly of the 

synaptic vesicle docking complex. the docking of synaptic vesicles and membrane fusion. 

It acts in concert with vesicle-associated membrane protein (VAMP) 1 synaptobrevin and 

syntaxin la/l b to effect neurotransmitter release at synapses (Wilson, Mehta et al. 19%). 

Many neurotransmitter systems are dependent on this complex of molecules for 

exocytosis, and deficits in expression of SNAP-25 or the other proteins may play a role in 

the abnormal behavioun of neuropsychiatrie diseases. The coloborna (Cm/+) mutant 

mouse has SNAP-25 and several other genes deleted, and exhibits profound spontaneous 

locomotor activity. This parallels the hyperactivity seen with the VH-lesioned F344 rats, 

and is also similar to the hyperactivity induced by amphetamine treatment. The Cm/+ 

mouse hyperactivity was corrected when a SNAP-25 tmnsgene was bred into the strain. 

showing that the hyperactivity was due to the SNAP-25 deletion (Hess, Collins et al. 

1996). A recent snidy of hippocarnpal comectivity assayed SNAP-25 and synaptophysin 

immunoreactivity in post-mortem brains of schizophrenics and controls (Young. Aima et 

ai. 1998). There were reduced leveis of SNAP-25, especidly in the terminal fields of the 

entorhinal cortex, where others have also found deficits in cortical connectivity in patients 

with schizophrenia (Jakob and Beckmann 1 986; Jakob and Beckmann 1 989). Using 

quantitative Western blotting, others have also found decreased levels of SNAP-25 in the 

inferior temporal cortex, and the prefrontal association cortex (Thompson, Sower et ai. 

1998). These brain areas have previously been shown to have decreased volumes in 



imaging studies of schizophrenic patients compared to controk (Hamson t 999). The 

SNAP-25 gene has been provisionally mapped to 20p 12-20p 1 1.2 (Maglon, Feldblyum et 

al. 1996). and one group has found weak evidence of linkage at 20~11.23 for 

schizoaffective disorder (Gejrnan 1999). A post-mortem study of differential gene 

expression in the prefiontal cortex of schizophrenic patients identified genes involved in 

the regulation of presynaptic function (Mimics, Middleton et al. 2000), which is consistent 

with the identification of SNAP-25 in this study. 

Adenosine monophosphate (AMP) or adenylate. is synthesized from inosinate 

(IMP) as part of purine nucleotide biosynthesis. AMP deaminase (AMPD) is a highly 

regulated and diverse enqme that converts AMP to IMP, and plays a key role in the 

adenylate catabolic pathway. AMPD is found in multiple isoforms; the Ampd3 gene codes 

for the E isoform (Mahnke-Zizelman, D'Cunha et al. 1997), and is regulated by 

phosphoinositides (Sims, Mahnke-Zizelman et al. 1999). Ampd3 is expressed in hem 

muscle, skeletal muscle and other tissues (Wang, Morisaki et al. 1997). Adenosine also 

acts as a neurotransmitter on pre and postsynaptic recepton. In the striatum, adenosine 

appean to oppose the effects of dopamine; adenosine agonists produce similar behavioural 

effects as dopamine antagonists. Conversely, adenosine antagonists produce similar 

changes to hyperdopaminergic States. In animal models the adenosine agonist CGS 

2 1680 has an antipsychotic profile with a low propensity for inducing extrapyramidal 

side-effects (Ferre 1997), and others have proposed adenosine agonists as potential 

treatments for schizophrenia (Dixon, Fenix et al. 1999). 

Thus the finding of Ampd3 as a candidate gene in our animal models may be 

relevant to neuroleptic response, or related to the production of psychotic symptoms 



drrangh a ~perdopaminergic-like state. Odm gents in the adenusine sys tm are a h  of 

interest. Deckert and colleagues have mapped the human adenosine receptor gene to a 

region on chromosome 22q (Deckert, Nothen et al. 1 997) that includes the susceptibility 

region around 22q 13.1 reported by many groups to be iinked to schizophrenia (Schwab 

and Wildenauer 1999). A study of gene expression differences in rats &er single-dose 

treatment with methamphetamine identified the adenosine receptor 3 gene (Niculescu III. 

Segal et al. 2000), which strengthens the case for adenosine neurotransrnitter system 

involvement in the pathphysiology or treatment response of schizophrenia. 

The following chapter describes the use of commercial cDNA microarrays as an 

altemate technique to identie differentially expressed genes in the same animal tissue 

comparisons. In addition, ventral-hippocampal lesioned F344 rats, some treated with 

halopendol, and others treated with control vehicie, were also examined for differences in 

gene expression. Genetic association analysis of two of the candidate genes identified 

above, 14-3-3 and SNAP-25 is described in chapters 6 and 7 respectively. Confirmation of 

the differential expression of SNAP-25 using real-time quantitative PCR is also described 

in chapter 7. SNAP-25 and 14-3-3 were selected for genetic association analysis with 

schizophrenia for several reasons. Both genes have already been characterized, and have 

known polymorphisms that could be typed immediately. Independent genetic studies have 

provided evidence for the involvement of these two genes in schizophrenia which 

strengthens the rationale for choosing them as candidates. Mitochondnal genes are found 

both in rnitochondrial DNA and in genomic, nuclear DNA. The schizophrenia trio and 

family samples avaiiable contain only genomic DNA, and so analysis of mitochondrial 

genes would be somewhat haphazard with the samples available. 



The ss-PCR technique was mt applied to VH-lesion tissue for s e v d  reasons. The 

ss-PCR experiments were performed before the microarray experiments, and at that tirne, 

the VH-iesioned tissue was not yet available. The particular microarray system used 

(Research Genetics Inc.) was not yet available at the time the experiments were originaily 

designed. While applying both ss-PCR and microarray techniques to al1 the rat 

preparations listed in table 3.1, would have provided potentially interesting cornparison 

data, the microarray technology appeared to yield much more usefui information. It was 

decided therefore, to concentrate on the microarray technique once the VH-tissue became 

avaiiable. 

The omission of VH-Iesioned tissue fiom the ss-PCR experiments therefore, was 

not planned, and could be criticized as being incomplete. However, the rat conditions 

cornpared in the ss-PCR expenments are relevant to a potential genetic vulnerability to the 

psychotic-like phenotype of the VH-lesion rat. These behavioural abnormalities are seen 

not only in the VH-lesion rats, but in other schizophrenia models as weli (see section 

1.10). While genes altered in expression by the VH-Iesion may be involved in the 

pathophysiology of the psychotic-like phenotype, it is possible that the genes identified in 

the ss-PCR experiments may in fact, be relevant candidate genes for genetic studies in 

humans, since they may affect vulnerability to the effects of the VH-lesion, and may have 

a similar function in schizophrenia. 



S. Itàentification Of Candidate Genes Using cDNA Microarrays 
In Rat Schizophrenia Models 

"In seeking the absolute truth, we aim at the unanainable and must be content with finding broken 
portions" 
Sir William Osler 

A bs tract 

Background Schizophrenia is a chronic, debilitating psychotic illness of unknown 

etiology that has been the subject of many genetic studies. No genes have been linked to 

the disorder consistently and definitively as yet. 

Methods: Neonatal ventral-hippocampal lesioned rats were used as an animal mode1 of 

schizophrenia. Tissue fiom temporal and Frontal cortex was assessed for differences in 

gene expression associated with the lesion andior with halopendol treatment. Genes that 

had altered expression levels as a result of the lesion, that were also normdized by 

haloperidol treatment were identified as the best candidates. Geaes that were altered as a 

result of surgical effects were excluded as candidates. 

Results: Several genes involved in neurodevelopment and neurotransmitter systems were 

identified as candidates. Differential expression levels for one of the candidate genes, 

parathyroid hormone related peptide receptor, were confinned with quantitative PCR. 

Conclusions: These genes may be of functional importance in the etioiogy, 

pathophysiology or treatment response of schizophrenia or psychotic symptoms. Linkage 

and association analyses of these candidate genes may narrow the search for genes in 

schizophrenia. 



Schizophrenia is a chronic psychotic illness for which current treatments are only 

partly effective (Hogarty 1993). The search for improved treatrnents is dificult without 

an understanding of the etiology or pathophysiology. Genome-wide linkage studies to 

date have not produced consistent. definitive results, as is the case with association 

studies on candidate genes (Riley and McGufin 2000). Approaches to finding genes 

have used two main strategies: genome-wide scans with many random markers, and 

studies of candidate genes. The selection of candidate genes, until recently, has usually 

been on the basis of physiological systems theoretically relevant to the illness. For 

example, the dopamine system is involved in mediating psychotic symptorns, so 

dopamine receptor genes have been the subject of many genetic association studies 

(Wong, Buckle et al. 2000). An altemate approach is to identiw candidate genes 

empirically. since selecting genes based on an incornplete understanding of the 

pathophysioiogy may overlook genes that do not relate to our existing knowledge of the 

disease. 

The use of high-throughput genomic screening with microarrays has been 

successfd in identifiing direrentidly expressed genes in a varïety of plant. anima1 and 

human tissue (Colantuoni, Purcell et al. 2000). The use of animal schizophrenia models to 

identie differentially expressed candidate genes has been pursued with the acute 

methamphetamine treatment paradigm in Sprague-Dawley rats. Niculescu et al. 

(Niculescu III, Segal et al. 2000) used oligonucloetide GeneChip microarrays to screen 

8.000 rat genes for expression changes in the prefiontal cortex (PFC) and amygdala, that 



resahed frmrr singie-dose methamphetamim treatment. These authors highligfit the 

identification of GRK3 (G protein-coupled receptor kinase 3 )  among others. 

Microarray analysis of postrnortem samples fiom schizophrenic patients has also 

been reported (Mimics, Middleton et ai. 2000). These authon cornpared gene expression 

in the prefrontal cortex of schizophrenics and matched controls using the UniGEM-V 

microarray system (Incyte Pharmaceuticals, Freemont, CA), and reported that genes 

involved in presynaptic function were altered. Aithough they applied an analysis of 

covariance (ANCOVA) to account for confounders, the main confounder was not 

addressed, namely neuroleptic treatment in the schizophrenic patients. This factor is the 

main probiem with post-mortem studies in patients with schizophrenia in general. 

Functional imaging studies in humans and gene expression studies in animals clearly 

demonstrate changes due to antipsychotic treatment. Of course, it is impossible to find 

control subjects who have taken the same amount of medication as the schizophrenic 

subjects, who do not have some other confounding neuropsychiatrie disease. 

Described in this chapter is a strategy for identiqing candidate genes for 

schizophrenia using experimental animal preparations. Tissue from these animals was 

analyzed to identify differentially expressed genes that are possibly related to the 

abnormai behavioural phenotype that these animais display. The neonatal ventral- 

hippocarnpal (VH) lesioned rat exhibits many of the behavioural features of 

pharmacologicai schizophrenia models plus some feahires of schizophrenia that cannot be 

emulated by drug treatment. The VH lesioned rats have a delayed onset of spontaneous 

hyperactivity and hyperactivity induced by amphetamine or with stress, when compared 

with controls. Halopend01 blocks the emergence of hyperactivity in the lesioned animais. 



ui addition, these a-ds have impaire& pre-puise inhibition that develops at day 56 but 

not day 35 post-injection (Lipska, Swerdlow et al. 1995). decreased haloperidol-induced 

catalepsy, decreased apo-morphine-induced stereotypy (Lipska Iaskiw et al. 1995: 

Swerdlow, Lipska et al. 1995), increased startle amplitude. and penisting deficits in 

spatial learning and working rnernory (Chambers, Moore et al. 1996). The iesioned rats 

also have attenuated extracellular DA levels in the striatum after stress and amphetamine 

exposure (Liilrank, Lipska et al. 1999). Of relevance to the genetic factors contributing to 

schizophrenia is that the locomotor abnormalities induced by VH lesions are strain 

dependent. Fischer 334 rats display changes in locomotion at post-operative day 35, and 

effects at day 56 were exaggerated in comparison with Sprague-Dawley rats, who are 

normal at day 35. Lewis rats, in contrast, appear to be resistant to the motor effects of VH 

lesions (Lipska and Weinberger 1995). 

Rather than solely measuring the effects of the VH lesion, which is likely to induce 

many changes in gene expression, we have combined this with other rat group 

comparisons related to schizophrenia. In order to assess not only the gene expression 

induced or suppressed by the lesion itself, the lesioned and sham-lesioned rats were 

treated with either haloperidol or control vehicle. Tissue fiom normal adult F344 Lewis, 

neonatal day 6 F344 rats, and F344 rats treated with either haloperidol or control vehicle 

that were not subject to surgery, were also anaiyzed (table 5.1). The frontal and temporal 

cortex were examined because these cortical areas are both involved in the production of 

psychotic symptoms, and because micro- and macroscopic abnomaiities have been 

reported in these brain regions in schizophrenics. 



5.2 Materiah and Mefioh 

5.2.1 Animal models 

All animal procedures were carried out in accordance with the regulations of the 

institutional animai care cornmittee, which oversees and approves al1 animal 

experimentation. Anirnals in our facility were obtained fiom Charles River Laboratories 

Inc. (Wilmington. MD), and were housed in our animal colony with 12-hour light-dark 

cycles and food ad libitum. Adult (day 55) Fischer 344 and adult (day 55) Lewis rats were 

housed for two weeks until being sacrificed. Pregnant F 3 4  rats gave birth shortly before 

or after arriva1 in our facility. and neonatal (day 5-7) rats were sacrificed. Several groups 

of adult F344 animals received daily treatrnent with either i.p. (intra-peritoneal) 

haloperidol (Research Biochemicals International) dissolved in 1.5% tartaric acid (Fisher 

Scientific Company, Fair Lawn, NJ) at a dose of O. l5rng/kg, or the vehicle alone. for 14 

days. VH lesioned animals were prepared as previously descnbed (Lipska Jaskiw et al. 

1992), and were treated with either haloperidol or vehicle as above. The accuracy of the 

lesion was verified by gross inspection at the time of dissection. Al1 animais were 

sacrificed by decapitation. and the brain was quickly dissected fiom the skull. Temporal 

and fiontal cortex were removed according to gross anatomical atlas landmarks (Paxinos 

and Watson 1986), and immediately frozen on dry ice. The accuracy of the lesion was 

verified by gross inspection at the time of dissection. Histological verification of the lesion 

was not possible because the removal of temporal and fiontal cortex disrupts the lesion 

area. However. Dr. Lipska orîginally developed this lesion model, and has perforrned 

thousands of surgeries, with a >90% success rate as verified by histology and behaviourai 

assays. The animal groups studied are listed in table 5.1 below. 



TABLE 5.1 Rat conditions fiom which cortical &A and cDNA 
radiolabelled probes were generated for hybndization with 
cDNA microarray blots: 

Lesioned, vehicle treated F344 (LV) 
Sham lesioned, vehicle treated F344 (SV) 
Lesioned, haloperidol treated F344 (LH) 
Sham lesioned, haIoperido1 treated F344 (SH) 
Adult F344 
Adult Lewis 
Neonatal F344 

5.2.2 RNA isolation 

Total RNA isolation was done with the Oligotex mRNA mini Kit (Catalogue 

#70022, Qiagen Inc. Valencia, CA). RNA was isolated from each individuai animal 

tissue sample and quantified (Hitachi U-2000 spectrophotometer, Tokyo, Japan). An 

equal arnount of total RNA from each animal within a given group was then combined to 

reduce the bias that expression levels in a single rat brain might induce. Each 

expenrnental condition was represented by RNA that was derived fiom 6- 10 rat brains. 

RNA sarnples were included only if the isolation process produced quantities within the 

range of the expected yield stated by the manufacturer's protocol. The quality of each 

individuai RNA sarnple was also assessed by visualizing the RNA through agarose gel 

electrophoresis. 

5.2.3 cDN.4 microarray hybridization 

GeneFilterB DNA microarray blots were obtained fiom Research Genetics Inc. 

(Huntsville. AL). Seven filters were analyzed, including human GeneFiltersB gf200- 

gf204, gf211, and rat GeneFiltea gf3OO. Separate hybridizations were performed with 



remporaf and f'rorrtd cDNA smpies on two differem fihers frmn the same lot. a - 3 3 ~  

dCTP (NENO Life Science Products, Inc., Boston, MA) radiolabeled cDNA probes were 

generated by reverse transcription of the total RNA samples using reagents supplied by 

Research Genetics Inc., according to the manufacturer's protocol. The blots were exposed 

for 1-2 weeks on a phosphor-imaging screen and read with a scanner (Molecular 

Dynamics Storm 860, Sunnyvale, CA). The exposed images were imported into 

pathwaysTM Analysis Software, versions 2.0 and 3 .O (Research Genetics Inc., Huntsville. 

AL), which ailowed the standardization and cornparison of hybridization intensity for 

each cDNA clone on the microarray. Seven serial hybridizations were performed in the 

order listed in Table 5.1. with each microarray blot. 

5.2.4 Analysis and selecrion of candidate genes 

Only those genes that had greater than approximately two-fold differences in 

expression were considered in the anaiysis. This threshold ensured that the genes selected 

for M e r  anaiysis were expressed at significantly different levels between animal 

groups, and reduces the likelihood of false-positives. The threshold was not absolute, and 

was based on the Chen-test of significance, designed specifically to mess  statistically 

significant differences in intensity data in microarrays, at a given confidence interval (CI) 

(Chen, Dougherty et al. 1997). Two-fold differences in expression correspond to a 

confidence interval of >95-99%. Al1 the genes identified as differentidly expressed by 

the pathwaysTM 3.0 software were dso screened for intensity vs. background 

hybridkation levels. cDNA clones with Iow hybridization intensity presumably reflect 

low baseline levels of expression or, in the case of the human GeneFiltes, poor 



homobgy bawcnr the rat cDNA pmbe and the mmiarr cDNA. h s i t y  mdings for each 

clone were normalized to the mean of al1 data points. Genes that had a normalized 

intensity of >5 or an absolute intensity of >5000 were included in the analysis. For 

example, Cyclophilin B, which was used as the control gene for Northem blots in the 

previous chapter, had non-nomalized intensity values of 15,966 and 6524 when probed 

with Lewis and F344 Frontal tissue cDNA, respectively. The nomalized values were 

ahost  identical: 7.287 and 7.3 1 1, respectively, giving a comparison ratio of 1.003. 

Cornparisons were made separately for frontal and temporal tissue. Several 

strategies were used to prioritize the differentially expressed genes as candidates for 

schizophrenia. F i n t  the difierentially expressed genes were grouped into several 

categories: those altered by the VH-lesion. those altered by haloperidol treatment in the 

VH-lesioned animais, and those altered by the surgery itself (sham lesioned F344 vs. 

F344). Within each category, genes were prioritized on the basis of the magnitude of 

differences in gene expression. 

Genes that showed an altered expression pattern with the VH-lesion that was 

reversed by haloperidol treatment were identified (and labeled as "counteracting" genes 

in Appendix 0. The rationale being that these genes may play a role in modulating the 

behaviour of the lesioned rats, since haloperidol both normalizes the behaviour of the 

lesioned rats and the expression of these particular genes. Genes that were altered non- 

specifically as a resuit of the surgery itself were excluded by comparing sham lesioned 

F344 rats aod F344 rats that had no surgery at dl. Genes that were changed in the same 

direction by both the sham surgery and by the lesion in comparison to the sham lesion 

likely reflect genes that are altered in response to the tissue damage, unrelated to the 



changes in behaviour. Although the sham-ksioned rats do sustain some tissue damage 

dong the needle tract, the extent of damage in the VH-lesioned rats is, of course, much 

greater in the hippocarnpus. 

Cornparisons were also made between Lewis and F344 RNA expression, to 

examine the possibility of inter-strain diflerences that may protect or render susceptibility 

to the effects of the VH lesion. Cornparisons between neonatal (-day 6) and adult (-day 

70) F344 were designed to assess the gene expression changes that occw during 

development. Developmental changes in gene expression are relevant to the delayed 

onset of behavioural abnorrnalities in the VH-lesioned rats, and may be relevant to the 

adolescent onset of schizophrenia. Figure 5.1 summarizes these comparisons. 

Figure 5.1 Grouping categones for differentially expressed gene analysis. 
Comecting lines between categories indicate that correlations were made between 
patterns of aitered gene expression in the comected boxes. 

SURGERY EFFECTS 

Genes altered in the 1 
Unoperated (wild-type) 
F344 rats 

HALOPERIDOL 
EFFECTS 

VH LESION 
EFFECTS 

Genes altered in the 
VH lesion F344 vs. 
Sham lesion F344 

Genes altered in the VH 
lesion + haloperidol vs. 
VH lesion + vehicle rats 

STRAIN EFFECTS 

Genes altered between 
F344 vs. Lewis rats 

DEVELOPMENTAL 1 
EFFECTS 

Genes altered between 
Neonatal vs. adult 
F344 rats 



5.23 Red-tirne quantitative PCR of PTHrP receptor gene 

Al1 quantitative PCR reactions were performed using the Bio-Rad i-cycler thermal 

cycler (Bio-Rad Laboratones. Hercules, CA) and SYBR 1 green fluorescent dye (Perkin- 

Elmer / Applied Biosystems, Foster City, CA). The machine was calibrated according to 

the manufacturer's instructions. PCR primers were selected fiom the cDNA sequence for 

the rat parathyroid hormone related peptide receptor on the National Center for 

Biotechnology Information database (htt~://ww~v.ncbi.nIm.nih.~ov~ as submitted by 

Kawane, T. (accession number ABO12944). The foruard primer sequence was: 5'- 

acgagtgtgaccaatgtg, and the reverse primer: 5'-gaaaccctaccagtcactatg, yielding an 

arnplicon 152 base-pairs in length. The cycling conditions were: denaturing cycle at 95OC 

for 5 minutes, followed by 50 cycles of: 9S°C x 20s. 55OC x 20s, 72"C x 10s. PCR 

products were visualized on a 2.5% agarose gel in TAE after electrophoresis for 45 

minutes at IOOV, to check the purity of the PCR product. Fluorescence readings were 

taken at 1-second intervals throughout the extension step and plotted using the 

proprietary software to yield an amplification threshold value for each sarnple. Four PCR 

reactions were performed for each cDNA sarnple, in two successive runs, for a total of 6 

PCR reactions per cDNA type. One cDNA sample was senaily diluted in 4, ten-fold 

increments and triplicate quantitative PCR reactions were performed. This dilution 

experiment established the relationship between relative concentration and threshold 

value for the PTHrP receptor gene PCR using these reaction conditions. 



3.3 Resuhs 

5 3 . 1  lClicroarrays 

4 total of 5 different rat GeneFilte* microarrays (GFZOO-204) and one human 

rnicroarray (GF300) were probed with cDNA derived from al1 7 rat conditions shown in 

Table 5.1. Each microarray hybridization blot contains approximately 5.000 cDNA 

clones. so -23,000 human clones and -5.000 rat clones were screened. Some cDNA 

clones appear multiple times on different Eilters. the same filter. or have copies of closely 

related cDNA fragments of the same gene. Intensity values for repeatçd clones were 

averaged within each condition during the analysis. The total number of actual cDNA 

clones analyzed was 37575. An exarnple of the data output generated by the Pathways 3.0 

software is s h o w  below in Figures 5.2 and 5.3. The data shown in these figures can also 

be displayed in tabular form. but the number of genes involvrd would make it impractical 

to display here. 



Figure 5.2. A plot of the cornparison between W-tesimed and shm-lesioned fromat 
cortex, in anirnals treated with vehicle. The y-axis represents the intensity of each cDNA 
clone in the sham-lesioned hybndization, and the x-ais  displays the log-ratio of 
hybridization intensity of the VH-lesion vs. sham-lesioned conditions for each cDNA 
clone. The cluster of data points to the right of the 1 .O ratio mark, above I O  in intensity, 
indicate that there are a considerable number of genes upregulated by the lesion. Al1 
3 7575 cornparisons are displayed. 



Figure 5.3. A pkot of the significant data (Chen-test confidence interval 95%) in the 
cornparison between VH-lesioned and sham-lesioned frontal cortex, in animals treated 
with vehicle. The y-axis represents the normalized intensity of each cDNA clone in the 
sham-lesioned hybridization, and the x-axis displays the log-ratio of hybridization 
intensity of the VH-lesion us. sharn-lesioned conditions for each cDNA clone. 

A total of 434 comparisons met the basic cnteria of a minimum two-fold 

difference in expression level, and a minimum value of 5000 for absolute intensity. or 5 

for nomaiized intensity. Both EST'S and known, named genes are included in the 

number above. Of the 434 positive comparisons, 16 were related to species differences 

(F344 vs. Lewis cornpaison), 14 1 were da ted  to Haloperidol treatment in the VH 

lesioned animais, and 84 were due to the effects of the VH lesion vs. the sham lesion. 

Haioperidol treatment in the VH lesioned rats did not produce the sarne gene expression 

changes seen in sham-lesioned rats, although some genes did overlap. Overall, a 

confidence interval of 95% in the Chen-test of significance filtered out 96% of cDNA 



ctmes in the hatopcridot vs. vetncte mat& F341 rat mmparisorr, and 92% of the cDNA 

clones in the VH-lesion vs. sham lesion cornparison. 

Several criteria were applied to the original list of 434 positive comparisons to 

narrow the nurnber of candidate genes. First. genes that were altered by the VH-lesion. 

and that were altered in the opposite direction by halopendol treatrnent in the VH- 

lesioned anirnals were selected. These genes were terrned "counteracting" genes. For 

genes altered by the lesion. those that were also altered by the sham surgery vs. wild-type 

F34J rats were eliminated. since these positives were likely related to non-specific 

surgical damage, rather than to the VH lesionper se. Indeed, the fact that rnany more 

genes fiom the temporal than the Frontal cortex appeared to be related to non-specific 

surgical effects is consistent with the fact that the needle tract for VH injection penetrates 

and damages the temporal but not the frontal cortex. In fact, eight genes related to 

surgical effects were removed fiom the list of counteracting genes for temporal tissue 

(53%). while no genes related to surgical effects were found for the frontal cortex, in the 

list of counteracting genes. The filtered list of candidate genes identified at this stage is 

summarized below in table 5.2. with the tissue comparisons, intensities and ratios shown. 

Supplement 1 shows the complete sets of candidate genes. 



Tabte 5.2 Nam& candidate =es that were aftered sigrrificarrtty bythe VH 
lesion, and reversed by haioperidol treatment; EST'S ideniified in the analysis 
are not shown. Genes that were altered by the VH lesion and by the sham 
lesion in cornparison to unoperated (wild-type) F344 rats were excluded. 
Abbreviations: S=Sham, L=VH lesion, H=Haloperidol treatment. V=Vehicle 
treatment, F=Frontal cortex, T=Ternporal cortex. 

p n e  Name (Al1 Filters) 

/FRONTAL CORTEX 

MaxiK potassium channel beta subunit mRNA 
hormone receptor 1 

tumor autoantigen 

~EMPORAL CORTEX 

syntaxin 5A 
human glyceraldehyde 3-phosphate dehydrogenase 
high mobility group (nonhistosomal) protein 1 (1 3q 12) 
Human MaxiK potassium channel beta subunit mRNA 
Parathyroid hormone receptor 1 
Human breast tumor autoantigen 
Casein kinase 2, beta polypeptide 

Corn parison 
conditions 

SVF>LVF 
LVFSVF 
LVF>SVF 
LVF>SVF 
LVF>SVF 
LVF>SVF 
LVF>SVF 

LVT>SVT 
SVT>Lvr 
SVPLVT 
SVT>LVT 
LVT>Sw- 
LVT>SVT 
LVT>SVT 

Bkgrd 
Intsty 

35133 
5411 54 
5411 54 
5411 54 
5411 54 
4611 16 
3111 0 

33137 
37/36 
37/36 
37136 
5711 68 
5711 68 
S i I l  68 

Ratio 

3.07 
6.95 
4.21 
3.48 
3.43 
11.4 
15.4 

2.02 
2.79 
2.35 
2.35 
7.61 
3.85 
3.21 

Intensity 
corn parison 

15291499 
75*4O/lO85 
1 097512605 
1239613561 
9683128 19 
1655111456 
6761 1438 

53781J26679 
27O5IQ7 1 
19321822 
19321822 

1 12 5411 478 
1061612760 
1 335714 1 58 

A list of the candidate genes identified is s h o w  below in Table 5.3. 

Table 5.3 Candidate genes for schizophrenia based on differential expression 
in VH lesioned vs. sham lesioned F344 rats, that is not related to non-specific 
surgical damage, that is also reversed by haioperidol treatment. 

Casein kinase 2, beta polypeptide 
Chymotrypsinogen 61 
high mobility group (nonhistosomal) protein 1 
Human breast tumor autoantigen 
human glyceraldehyde %phosphate dehydrogenase 
Human MaxiK potassium channel beta subunit mRNA 
Parathyroid hormone receptor 1 
Phosp hofructokinase 
Squarnous cell carcinoma antigen 1 
syntaxin 5A 



The microarray analysis of gene expression in the fkontd cortex of schizophrenic 

patients has been reported to show a decrease in transcripts encoding proteins involved in 

the regulation of presynaptic function (Mirnics, Middleton et al. 2000). Genes related to 

prespaptic function were also assessed in the rat experiments. The presynaptic gene 

group used in our analysis is very sirnilar to the "PSYN group" that Mirnics et al. used in 

the incyte system. Not al1 the genes in the Incyte system are available on the Research 

Genetics blots, and vice versa. The genes included in the presynaptic group were: clathrin 

(light and heavy chain), clathrin-coat assembly protein (c, P, p subunits), dynarnin 1 & 2, 

dynein (axond and cytoplasrnic). synaptotagmin VII, kinesin (SB, C3. and heavy chain). 

NSF (a, y), Rab3a, SNAP (a, y), synaptogyrin ( 1. 3), synaptopodin, synaptotagmin 1, 

syntauin (l ,3,4,  5, 7), vacuolar proton pump (42kDq 56/58Kda, iOKda), VAMP (2,8), 

and zinc transporter 4. Cornparisons of mean expression ratio between al1 37575 genes 

and the presynaptic group did not reveal any statistically significant differences in VH- 

lesioned vs. sham lesioned conditions (two-tailed t-test, p=0.37), nor in the VH-lesioned 

halopendol vs. vehicle treatment groups w0.28). 

Genes that were altered in expression levels in response to haloperidol were 

assessed in both VH-lesioned and sham-lesioned animals. Statistically significant 

differences (Chen-test C1=99%) were found in hybridization intensity for 193 cDNA 

clones in the VH-lesioned animals but 437 positives were identified in the sham-lesioned 

animals. Of the 193 genes altered by haloperidol treatment in the VH-lesioned animals. 

o d y  47 (24.4%) were comrnon to the haloperidol-induced genes in the sharn-lesioned 

animals. Specifically for genes in the presynaptic group, significant differences (Chen- 

test CI=%%) were found in haloperidol-induced gene expression changes between VH- 



lesioned and sham-tesioned Mrnals. fn the lesioned animds, hafoperidot neatmem 

decreased dynein heavy-chah expression 2.7 1-fold, and reduced clathrin expression by a 

factor of 4.19. In sham lesioned animals, haloperidol treatment decreased the expression 

of dynein heavy-chah and dynamin 2 by a factor of 4.48 and 3.06, respectively. M i l e  

dynein expression was decreased by haloperidol treatment in both VH-lesioned and 

sham-lesioned animais, the changes in clathrin and dynamin expression are quite 

different. 

A cluster of mitochondrial genes was analyzed for gene expression differences, 

because of the large number of mitochondrial gene clones identified as candidates in the 

ss-PCR experiments. The genes in the mitochondrial cluster are listed in Appendix 1. In 

the comparison between VH-lesioned and sham-lesioned frontal cortical tissue. the mean 

ratio of expression for the mitochondrial cluster was 1.24, which is significantly different 

than the mean ratio for ail 37,575 genes was 1.1 1 (two-tailed t-test, pU.0  18). There were 

significant developmental changes in the mitochondriai gene cluster expression. in frontal 

cortex. Day 6 neonatal rats were cornpared with adult F344 rats, and the mean expression 

ratio was 0.9 18, while for the mitochonàrial gene cluster, the mean ratio was 0.737 (two- 

tailed t-test, p c  IO*^). There were no significant differences in the mitochondrial gene 

cluster, however. in frontal tissue cornparisons between Lewis and F344 rats, or between 

haloperidol and vehicle treated VH-lesioned animals. 

5.3.2 Real-tinte quantitative PCR of PTHrP receptor gene 

One of the candidate genes identified as differentially expressed in the analysis of the 

microarrays. was the PTWPTHrP receptor RNA. In order to confirm the micromy analysis 



re*, rd-time quantitative PCR (RT-KR) was use& Phers  h e d  m the pubiished cDNA 

sequence of the rat PTHrP receptor were successful in amplifjing a single PCR product, as 

confirmed by agarose gel electrophoresis. The PTHrP receptor was selected for RT-PCR analysis 

because of its significant 6.95 tirnes increase in expression in the VH-lesioned vs. Sham-lesioned 

frontal cortex. The existence of an informative polymorphism in the hurnan PTHrP receptor gene 

makes it an attractive candidate for genetic association studies with schizophrenia, and is another 

reason for choosing to confimi the differential expression of the PTHrP receptor by RT-PCR. 

A log-linear regression analysis of the serial dilution results was performed. Threshold 

cycle values for these samples of known relative dilution were plotted against the log of their 

relative dilution to yield a standard curve. The regression statistic was based on four dilutions. 

and showed a multiple r-value of 0.99 (standard error 0.5 I), which indicaies good agreement 

with the theoretical regression curve. The regression generated a standard cuve that allowed the 

conversion of experimental sample threshold values into a relative dilution number. The relative 

dilution number was then used to compare the relative amounts of PTHrP receptor cDNA in each 

experimental sample, and had a standard percentage error of 19.5%. These results are 

surnmarized in figures 5.4 and 5.5 below. The results were grouped and normalized to the wild- 

type or control animal in each group. 
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Figure 5.4 Cornparison of raw data and tegression curves, plotted as q-PCR threshold 
cycle vs. negative log of the dilution factor. Dilution reduces the arnount of template 
cDNA, and results in a greater nurnber of cycles before exponential amplification occurs. 
This is reflected in higher threshold cycles for more dilute samples. 



Figure 5.5 Quantitative PCR results expressed as relative arnounts of PTHrP receptor 
cDNA starting materiai in each sample. Each group of cornparisons is separated by a gap 
in the x-axis. The amount of cDNA was extrapolated from the PCR threshold value, 
based on the log-linear regression curve derived from the serial dilution q-PCR threshold 
values. The values for the amount of starting material for SVT, FT, CT, SVF, FF and CF. 
were set at one, and the other values within each group were normalized to the index 
value, and have a standard error of 19.5%. Abbreviations: S=Sbam, L=VH Iesion, 
H=Haloperidol treatment. V=Vehicle treatment, F=Frontal cortex, T=TemporaI cortex. 

There are striking differences between the expression of the PTHrP receptor gene 

in the fiontal cortex of lesioned and sham-lesioned rats that were not treated with 

halopendol. In cornparison, differences in temporal tissue, and in halopendot-treated 

animals are much smaller. Haloperidol treatment in wild-type animals produces an 

approximately WO-fold increase in PTHrP receptor gene expression in both fkontai and 

temporal cortex. However, haloperidol treatment in both the lesioned and sham rats is 



associatect with rednced PTWP receptor gme expression. Tiiese resttk are consistent 

with the rnicroarray data, which show expression in LVFBSVF with a ratio of 6.95, and 

in LVPLHF by a ratio of 8.1. The microarray data aiso showed a difference between 

L V D S V T  by a factor of 7.61. 

The expression levels of SNAP-25 and 14-3-3 were assessed on the microarrays, 

since these two genes were identified as candidates in chapter 4. and are subject to 

genetic Iinkage and association analysis in chapters 6 and 7. Alîhough some differences 

were found, these genes were not captured in the overall microarray analysis because 

their hybridization intensities did not rneet the threshold criteria, and because the 

differences did not reach significance in the Chen-test. Despite this, the pattern of 

differences in expression are broadly consistent with the Northern Blot results for 14-3-3 

in chapter 4, and the SNAP-25 quantitative PCR results in chapter 7. 

5.4 Discussion 

The candidate genes for schizophrenia shown in table 5.3 are an eclectic mix of 

enzyme, cancer antigen, receptor and channel genes. None have been suggested or 

studied as candidate genes in schizophrenia before, and this supports the novelty of the 

animal model. differential expression strategy. Candidate gene studies in schizophrenia 

based on genes that are intuitively related to the illness rnay miss potentially important 

genes, since our understanding of neurobiology is incomplete. It is possible that some of 

these genes, such as  the cancer antigens code for proteins that have some unknown 

huiction in the CNS that is related to psychosis. The selection criteria for candidate genes 

were quite &gent. This is supported by the hd ing  of ody 17 genes that met the 



setection crireria in the comparism benmen F394 mct Lewis rats. Although many gma 

are likely to have been excluded in the selection process, the expense and effort involved 

in punuing a false positive candidate gene justifies these siringent cnteria. 

The gene expression changes induced by halopendol treatment were dependent on 

whether the animals had received the VH lesion or the sham lesion. The total number of 

genes, and the genes themselves were markedly different between VH-lesioned and sham 

groups. Even in a small subset of genes related to presynaptic function, there were 

differences in haloperidol-induced genes, suggesting that the VH-lesion. and possibly 

other brain pathology, can alter the gene-expression response to neuroleptic dnigs. These 

observations raise the possibility that studies of antipsychotic administration to healthy 

controls or in wild-type animals. may not accurately reflect neuroleptic dmg-effects in 

schizophrenics or in schizophrenia animal models. 

Although named as cancer antigens, these antigens have a potential role as 

neuronal cell-surface rnarkers, which have been implicated in schizophrenia. For 

example, abnormal levels of neural-ce11 adhesion molecule (N-CAM) expression have 

been reported in schizophrenics in the hippocarnpus and prefrontal cortex (Vawter, 

Cannon-Spoor et al. 1998). Other groups have found that patients with schizophrenia 

have abnormal expression of the embryonic form of N-CAM in the hippocampus 

(Barbeau, Liang et al. 1995). Gene regdation of ce11 adhesion is a key step in neural 

morphogenesis (Edelman and Jones 1998), and N-CAM binding in particulai-, inhibits the 

proliferation of hippocampal progenitor cells and promotes their differentiation to a 

neuronal phenotype (Amoureux, Cunningham et al. 2000). N-CAM 180 knock-out mice 

display increased lateral ventncle size, and reduced prepdse inhibition of stade, two 



mbmt fmdmgs in sdiizophrrnic patients f W d ,  'Fomasiewin et al. 1998 j. However, 

association studies with N-CAM and schizophrenia have had negative results (Vicente, 

Macciardi et al. 1997). In our rnicroarray experiments, NCAM expression was found to 

be elevated 15-fold in the VH lesioned vs. sham-lesioned animais in frontal cortex. but 

was not highlighted as a candidate gene because there was no corresponding reduction of 

NCAM expression with haloperidol treatment. Nevertheless, the fact that differential 

NCAM expression has been reported in comparisons between normal and schizophrenic 

brains, supports the validity of the VH-lesion model. 

The maxiK large-conductance potassium channel has not been studied in 

schizophrenia but another K-c hannei, hSKCa3 has been subjected to genetic association 

analysis, with inconsistent results (Wittekindt, Jauch et al. 1998; Chowdari, Wood et al. 

2000). Intuitively, a potassium channel may have more fùnctional relevance to 

schizophrenia, or to neuroleptic response. Since the animal models used in the microarray 

experiments are imperfect simplifications of the schizophrenia phenotype, genes that are 

functionally related to the candidate genes are also of interest with respect to genetic 

studies in human subjects. 

The parathyroid hormone-related peptide receptor (PTHrP) gene may have 

bctions outside the muscuIoskeletaI system, though the gene was obviously named for 

its relationship to the parathyroid hormone system that is involved in bone metabolism. 

While the comection between the PTHrP receptor gene and schizophrenia may not be 

obvious, dimitbances in the parathyroid system have been well-known to cause 

psychiatric disturbances (Kaplan, Saddock et al. 1 994). Both hypoparathyroidism and 

hyperparathyroidism in particular, have been associated with psychotic symptoms 



(Furukawa t e l ;  Brester, t o p  et al. 2000). R e  differemiat expression of the PEfrf 

receptor was noted on both the microarrays, and with q-PCR, but the magnitude of the 

changes was not identical. This rnay be due to variability among the groups of 

experimental animals fiom which the RNA was derived. The two procedures may also 

have inherent biases that do not obscure the main findings, but that may contribute to the 

apparent differences in the magnitude of differential expression. 

Other animal models have been studied for gene expression changes that may be 

related to schizophrenia notably acute methamphetamine treatment (Niculescu III. Segal 

et ai. 2000). The possible disadvantages of this study are the choice of acute 

methamphetamine treatment as the animal model, and the small number of rats in each 

condition (3). The advantages of the VH lesion model include the features of delayed 

onset of abnormalities. and the avoidance of direct dopamine system manipulation (Lipska 

and Weinberger 2000). Of the phmacological schizophrenia models in rats. the chronic 

PCP treatment model simulates many more features of the disease (Jentsch and Roth 

1999). 

One problem with lesion animai models for schizophrenia is that of non-specific 

gene-expression changes in response to the lesion. We have attempted to control for this 

by comparing VH-lesioned, sham-lesioned and unlesioned animais. Genes that, for 

example, are upregulated in sharn-lesioned vs. unlesioned rats. and that are M e r  

upregulated by the VH-lesion, would be categorized as "sugery-effect" genes. However. 

the VH-lesion does cause significant tissue damage relative to the sham-lesion. and it is 

possible that some non-specific tissue damage-related genes may have been identified 

(erroneousiy) as candidates. 



Micromy anatysis ofposünortem ~afnples from rhnoptminc patients has dso 

been reported (Mirnics, Middleton et ai. 2000). These authors compared gene expression 

in the prefiontal cortex of schizophrenics and matched controls using the UniGEM-V 

microarray system (Incyte Pharmaceuticals. Freemont. CA), and reported that genes 

involved in presynaptic hc t ion  were altered. Although they applied an  analysis of 

covariance (ANCOVA) to account for confounders, the main confounder was not 

addressed, namely neuroleptic treatment in the schizophrenic patients. This factor is the 

main problem wvith post-mortem studies in patients with schizophrenia in generd. 

Functional imaging snidies in humans and gene expression studies in animais clearly 

demonstrate changes due to antipsychotic treatment. Of coune, it is impossible to find 

control subjects who have taken the same amount of medication as the schizophrenic 

subjects, who do not have some other confounding neuropsychiatrie disease. 

Future analysis of these candidate genes could include functional and pathway 

cluster analysis based on the gene clustea developed by companies such as Incyte (Palo 

Alto.CA). The functional and pathway or enzyme (where applicable) cluster for each 

candidate gene has been identified. The expression levels of the other memben of the 

ciuster of genes can then be assessed to determine if indeed there are functional groups of 

genes that were altered by the lesion or haloperidol treatment. Again, the rationale is that 

functionaily important genes are possibly related to schizophrenia on the ba is  that they 

may affect the abnormal behaviours of the VH-lesioned anilnals. Finding functional 

clusters of genes that are altered in expression levels provides more robust evidence that 

they are related to the phenotype, and therefore make these genes better candidates in 

schizophrenia genetic linkage and association studies. 



6. PossibIe Association Between Schizophrenia And The 
14-3-3q Gene 

"One never notices what has been done; one can onIy see what rernains to be done" 
Marie Curie 

A bstract 

Backgroimd: Schizophrenia is a mentai illness characterized by psychotic symptoms. 

cognitive impairment and often debilitating problems with motivation, organization and 

general functioning. Family, adoption and twin studies have clearly indicated a genetic 

component in the etiology of this disorder. The 14-3-3 proteins were previously identified 

by our group as candidate genes for schizophrenia based on a search for differentiaily 

expressed genes in rat schizophrenia models. The 14-3-3 q isoform gene has been 

mapped to chromosome 22q 12.1 - 1 3.1, a region reported to be linked to schizophrenia 

using other markers. 

Mefhods: 168 trios consisting of schizophrenia probands and their two parents were 

analyzed using the 5'-untranslated region VNTR polymorphism, and the transmission 

disequilibrium test. 

Resulfs: There is a significant association between the 5'-untranslated region VNTR 

polyrnorphism, with a chi-square value of 4.35 (p=0.037, Idf'). This finding is supported 

by a previously reported case-control study for 14-3-3, using the same polymorphiçm. 

Signz~cunce: This is the fint report of a positive association between the gene for the 14- 

3-3 q-chah protein and schizophrenia in a sample of schizophrenia trios. 



6.1 fntroduction 

The 14-3-3 proteins have been identified as candidate genes for schizophrenia by 

analyzing differentially expressed genes in the Frontal and temporal cortex of rats. based 

on features of the Lipska-Weinberger model for schizophrenia (Wong, Kawczynski et al. 

2000). In this model, neonatal hippocarnpal lesions in the rat precipitate post-puberta1 

behavioral abnormalities associated with schizophrenia. The behavioral changes are 

reversible by the antipsychotic haloperidol and dependent on genetic background 

(Lipska, Jaskiw et ai. 1993; Lipska and Weinberger 1995). By identifjing differentially 

expressed genes based on a combination of developmentd expression. genetic 

background and haloperidol-responsiveness as given by this model, 14-3-3 appears to be 

a promising candidate gene for schizophrenia. Developmentaily, the 14-3-3 rnRNA 

appears to be expressed at higher levels in the Frontal and temporal cortex of Fischer 344 

rats, an inbred rat strain susceptible to the neonatal induced-lesion mediated behavioral 

changes in the Lipska- Weinberger model. This is consistent with the reported 

developmentai regdation of the 14-3-3 protein in Sprague-Dawley rats (Fountoulakis. 

Hardmaier et al. 2000). In addition, 14-3-3 expression was altered by halopendol 

treatment in Fischer 344 rats, and there was differentiai expression between Lewis rats. 

an inbred strain less susceptible to the effects of neonatal hippocarnpal lesions, and 

Fischer 344 rats (Wong, Kawczynski et al. 2000). 

The regdatory anaor adaptor proteins 14-3-3 are highly conserved and are 

present in evo lu t ion~l  y distinct organisms, such as Drosophila and humans. It is 

abundantly expressed in the brain, and forms a dimeric protein complex. To date seven 

distinct mammalian isoforms (p, E, y, q, o, 5, r) have been recognized that appear to be 



functiondIy redundant (Fu, Subramanian et ai. 2000). These proteins have been s h o w  to 

play a role in neuronal development (Skoulakis and Davis 1998), signal transduction 

(Aitken, Jones et al. 1999, exocytosis (Morgan and Burgoyne 1992) and cell-cycle 

regulation (Peng, Graves et al. 1997). The 14-3-3 protein c m  interact with tyrosine 

kinases, binds to tyrosine hydroxylase (Itagaki, Isobe et al. 1999), interacts with the 

intracelluiar domains of aradrenergic receptors (Prezeau, Richman et ai. 1999), and 

binds and regulates protein kinase C (PKC) (Isobe, Ichirnura et al. 1991) and Rd 

( H e ~ k s s o n ,  Troller et al. 2000; Qiu, Zhuang et al. 2000; Van Der Hoeven. Van Der Wal 

et al. 2000). 

Supportive evidence for the 14-3-3 protein fmily as being candidates for 

susceptibility genes for schizophrenia is provided by Toyooka et al., who report an 

association between the 14-3-3 q-chah protein gene and schizophrenia in a case-control 

study of 1 18 schizophrenia subjects and 1 18 controls (Toyooka, Muratake et al. 1999). 

They genotyped the 5'-noncoding region polymorphisrn, a 7 base-pair variable number of 

tandem repeats (VNTR), 134 bases upstream fiom the translation initiation site. The two- 

repeat allele was associated with schizophrenia, particularly the early-onset cases. The 

14-3-3 q gene is located in the chromosomal region 22q 12.1 q13.1 (Muratake, Hayashi et 

al. 1996), which is within one of the susceptibility regions linked to schizophrenia. The 

fim evidence for a susceptibility gene for schizophrenia located on 22q 12 was presented 

by Pulver et al. (Pulver, Karayiorgou et al. 1994; Pulver, Karayiorgou et al. 1994), and 

Coon et al. (Coon, Jensen et al. 1994). Gill et al. and the Schizophrenia Collaborative 

Linkage Group (Gill, Vallada et al. 1996) provided additional support for the same area, 

and since then the 22q 12- 13 area has been confinned as a promising region for the 



Ladon of a passible gene relaiexi to schhphrenia by several groups (Schwab and 

Wildenauer 1999). Other investigations, however, did not succeed in confirming 

evidence for a schizophrenia-related gene (Kalsi, Brynjolfsson et ai. 1995; Riley, 

Mogudi-Carter et al. 1996; Parsian, Suarez et al. 1997; Hovatta, Lichtermann et al. 1998). 

Recentl y, Bell el al. systematicall y screened the 14-3-3q gene for polymorphic variants. 

Among several polymorphisrns detected and investigated, they found an association 

between schizophrenia and an exon 1 single-nucleotide polymorphism, in a case control 

study of 220 subjects (Bell, Munro et al. 2000). 

This chapter describes the results of our association study with schizophrenia nios 

consisting of affected probands and their parents or siblings. The association between 14- 

3-3q and schizophrenia reported by Toyooka et al. (Toyooka, Muratake et ai. 1999) and 

Bell et al. (2000) are confirmed and extended using an ethnically different sample and a 

different analytical strategy. The selection of 14-3-3q as a candidate gene based on gene 

expression differences in rat schizophrenia models strengthens the possibility that this 

gene is indeed important in the pathophysiology of schizophrenia by relying on non- 

population genetic information. 

6.2 Materials and ,'Meth ods 

6.2.1 Parient recruifment and sample collection 

Subjects for this study were recruited with Mly informed wrÏtten consent, and in 

accordance with University of Toronto and Medicai Research Council of Canada 

guidelines for the ethical treatment of human subjects. A totai of 168 trios consisting of 

probands with schizophrenia and their parents were collected from both mainland 



Portugal (Coimbra) and the Azores istands f 87 trios), and frmn fiospitds in 'fomnto, 

Ontario (8 1 nios). The collection of patient samples f?om Portugal was within the 

framework of a NIMH-sponsored grant to one of the authoa (C.P.). Al1 patients had a 

diagnosis of schizophrenia according to DSM-IIIR / DSM-N (DSM-IV 1994). In 

patients fiom continental Portugal and the Azores, the diagnosis was confirmed with the 

DIGS (Diagnostic Interview for Genetic Studies) (Nuniberger, Blehar et al. 1994). A 

SCID (Structured Clinical Interview for Diagnosis) was administered by trained research 

assistants to each proband fiom the Toronto region to confim a DSM-IIIR diagnosis of 

schizophrenia. Patients had already received an independent clinical diagnosis of 

schizophrenia fiom their referring psychiatrist. In both samples, a consensus-based 

procedure provided the ultirnate decision for the diagnostic classification of the patients. 

The ethnic origin of patients fiom Toronto reflected the diverse population of the 

surrounding city, but the samples provided in collaboration with Dr. Carlos Pato were 

primarily of Pomiguese descent. with a high degree of population homogeneity in the 

Azores sample. Venous blood was obtained from al1 three members of each trio using 

standard veinipuncture techniques. DNA was extracted using a non-enzymatic high-salt 

procedure (Lahiri and Nurnberger 1 99 1 ). 

6.2.2 PCR Reaction 

The 7-nucleotide (GCCTGCA) repeat in the 14-3-3 q gene, 5'-noncoding region 

was amplified as part of a 180bp amplicon. The specific primes used were: 

gtctcctccctcggcgtt (fornard), and cacaccgctggctcgcta (reverse), combined in a rnix at 

0.2j.M (Research Genetics, Inc., Humville, AL). n i e  forward primer was tagged with a 



dye motecule thm mab ted trier detectiorr by the mtmated sequencer. nie reactiorr 

mixture consisted of: 3 p.L of 50ng/pL genomic DNA fiom our human subjects, 2.5pL 

1Ox PCR buffer, 2.5pL of XrnM MgCl2, 0.5pL of O2pM primer mix, OSpL of deaza- 

dNTP mix (0.2mM dATP, dCTP, d m ,  O. 15mM dGTP, and 0.05mM 7-deaza-dGTP), 

Z p L  8% DMSO, O. 1Z5pL Taq polymerase and 14pL of deionized H20. After denaturing 

at 95OC for 5 minutes, 35 cycles of PCR in a Perkin-Elmer GeneAmp PCR system 9700, 

were performed with the following conditions: 94OC x 30sec, jg0C x 30sec, 7Z0C x 

45sec. A final extension phase of the reaction was at 72OC for 7 minutes. 

6.2.3 Precipitatian and Re-suspension of Amplilied DNA 

The PCR product was precipitated with 65.25pL solution of glycogen (0.25 PL. 

fiom H o h a n  LaRoche), sodium acetate (2.5 PL, kom Sigma-Aldrich Canada) and 95% 

ethanol(62.5 PL). The mixture was centrifüged at 4 O C  at maximal speed (12-1 5,000rpm) 

for 15 minutes. A second wash with 200 pL of cold 70% ethanol was centrifuged the 

sarne way. The pellet was then dried under vacuum and low speed centrifugation and 

resuspended in 40 pL of deionized formamide and stored at -20°C. 

6.2.4 Fragment Analysis 

The VNTR was visualized with an automated Beckman-Coulter CEQ 2000XL 

fragment analyzer, used according to the manufacturer's instructions. The formamide 

solution was serially diluted to 1 : 100, and 3 5.5pL was added 0.5 pL of 400 bp DNA size 

standard (Beckman-Coulter, Fullerton CA), before Ioading into the machine. 



6.25 Statistica! An&& 

Evaluation of demographic and specific population genetic differences was 

performed with traditional statistical techniques. using chi-square and t-tests procedures 

for categorical and continuous variables respectively, where applicable (Stata 6.0, Stata 

Corporation, 1996). The analysis of the association / linkage disequilibrium between 

schizophrenia and the 14-3-311 polymorphism was performed using the TDT-STDT 

Program 1.1 (Spielman, McGimis et al. 1993; Spielman and Ewens 1998) that controls 

whether alleles transmitted from parents to their affected offspnng deviate fiorn the 

expected 5 0 5 0  Mendelian ratio. Moreover, the possibility of a parent-of-origin effect 

was controlled for by applying the TDT test only to matemal or patemal meioses. 

6.3 Results 

The mean age of the Toronto and Portuguese subjects was 34.3 and 3 3.6 years 

respectively. and mean age of onset (when available) was 19.6 and 22.1 years 

respectively. Age of onset was defined as the age at which the diagnostic cntena were 

first met, and was confmned through medical records whenever possible. For the 

combined sample, the mean age was 33.9 years and the mean age of onset was 2 1.1 

years. In the Toronto sarnple, the ma1e:fernale ratio was 69.9 : 30.1. and in the Portuguese 

sample this ratio was 63.6 : 36.3. In the combined sample, the ma1e:female ratio was 66 : 

34. None of these differences is statistically significant. Allele freguencies were not 

significantly different between the samples despite their diverse origins. as might be 

expected in a highly conserved gene. This was assessed with a simple analysis of allelic 

fiequemies across the 2 populations (Portuguese and TorontoNorth American) by a chi- 



square test (chi-square 2.06, 1 df, *. 15). Ttierefore, the sampfes were comtiimd for the 

purposes of this analysis. 

There is a statistically significant association between the 14-3-3 1 polyrnorphism 

and schizophrenia. The 7-bp repeat was present in two forms: either 1 or 2 repeats. The 

transmission disequilibrium test showed a X2 value of 4.35 (p=0.037. Idf); the two repeat 

allele was transmitted more fiequently with schizophrenia (n=56) than non-transmitted 

(n=36). There is a difference in the degree of heterozygosity in the two samples, with the 

Portuguese showing a larger number of heterozygous individuals than the Toronto 

sample. One might expect to find more heterozygosity in an ethicaily diverse and 

potentially admixed population such as  Toronto's but such is not the case. As a 

consequence, the Portuguese contribution to the significant association is consistently 

higher than for the Toronto sarnples. There is no significant parent-of-origin effect in the 

sample population studied. These results are summarized in table 6.1. 

Toronto 

sample 
population 
Portug uese 

combined 

chi- 
transmitted untransmitted square p-value 

38 22 4.267 0.039 

Table 6.1 Transmission diseqilibrium test with the 2-repeat allele of 14-3-31 for the 
Toronto and Portuguese samples and the combined sample 

6. 4 Dkcusion 

These finàings show that 14-3-3q is associated with schizophrenia in this sample 

of trio subjects, and confirms an earlier case-control association reported in Japanese 



subjeets. This study is signifimt mt ody for (his positive association, but because of the 

method used to select the candidate gene for association analysis. Many candidate genes 

for schizophrenia have been explored, including dopamine system genes (Wong, Buckle 

et ai. 2000) and neurodevelopmental genes OJanko. Hattori et al. 1994; Nimgaonkar, 

Zhang et al. 1995). Definitive, conclusive results have yet to emerge, and this may partly 

be due to the way candidate genes are selected. Antipsychotics are an effective treatment 

for psychotic symptoms, and they have high af!fïnity for dopamine receptors. However, it 

does not follow that they are involved in the etiology or pathophysiology of 

schizophrenia. Indeed, the studies to date do not show a consistent association between 

schizophrenia and polymorphisms in dopamine receptor genes (Wong, Buckle et al. 

2000). Neurodeveloprnental genes may be better candidates because of their possible 

influence on the histological abnormalities seen in the cortex of schizophrenics (Harrison 

1999). However, considering the complexity of central nervous system development, and 

our incomplete understanding of neuronal development and axonal guidance. the 

identification of appropnate candidate genes is extremely difficuit at present. The use of 

animal schizophrenia models, however imperfect, is an attempt to select candidate genes 

experirnentally rather than theoretically, and these positive findings confirm that this 

approach has rnerit. 

Previous schizophrenia genetics results have followed a farniliar pattern of early 

promise followed by codicting and supporthg results fiom other groups. It is possible 

that the association reported here is, in fact, with another gene in the same region, whose 

role in the disease is unrelated to 14-3-3q itself. Veio-cardio-facial syndrome (VCFS) is 

associated with psychotic symptorns and schizophrenia (Murphy, Jones et ai. 1999), and 



is thought te result from deletions in the22ql1.2 region (Amati, Conti et al. 1999). 

Typing of other genetic markers close to the polymorphism studied may help to 

determine if other markes in the VCFS or 14-3-3 regions are more or less closely linked 

with schizophrenia, and is currently underway. 14-3-3q has many regulatory functions 

and it interacts with a large nurnber of other molecules in bmin and other tissues. 

However. because of the diverse impact of the gene. changes in expression levels could 

conceivably resdt in some of the morphological abnorrnalities seen in the cortex of 

schizophrenia patients. The results of an analysis of the promoter region of 14-3-31 are 

not yet available. and it is possible that the VNTR typed is in linkage disequilibrium with 

a variant in the promoter that affects expression. Bell et al. have repcrted a 

polymorphism in what is likely part of the functional promoter region of 14-3-3q. This 

polymorphism is a single nucleotide substitution (-408T/G) in the putative promoter 

region, 5' to the coding sequence, that had a marginal association with schizophrenia in 

their case-control study (Bell. Munro et al. 2000). 

To date, it is unknown whether 14-3-311 expression is altered in schizophrenia. It 

may be difficult to determine expression levels in post-mortem samples fiom 

schizophrenic brain. since the ss-PCR experiments demonstrate that neuroleptic treatment 

alters 14-3-3q expression. Whether the 14-3-3q locus serves as a susceptibility locus that 

is distinct fkom the VCFS locus is stili unknown and is being explored M e r .  



7. SNAP-25 and Schizophrenia: Differentiat Expression In Rat 
Schizophrenia Models and Results of an Association Study In a 
Sample of Schizophrenia Families 

"In this disease as in al1 others, it shouId be your aim not to make the disease worse, but to Wear it down by 
applying the remedies most hostile to the disease and those things to which it is unaccustomed ....4 man 
with the knowIedge.,.could cure this disease too provided he could distinguish the right moment for the 
application of the rernedies. He would not need to resort to purifications and magic spells." 
Hippocrates, The Sacred Diseuse 

A bstract 

Background: Schizophrenia is a chronic psychotic illness that likely has a genetic etiology, based 

on findings fiom twin, adoption and family studies. SNAP-25 has been identified as a candidate 

gene for schizophrenia based on a search for differentially expressed genes in rat schizophrenia 

modeis. 

Meihods: Quantitative PCR analysis of SNAP-25 was performed to assess expression in severai 

rat models of schizophrenia to confirm these earlier findings. Association between SNAP-25 and 

schizophrenia was assessed in 168 trios and nuclear families using 2 WLP's in the 3' 

untranslated region and the FBAT (family-based association test). 

Resulrs: SNAP-25 is differentiaily expressed in the rat modeis studied, and the changes are 

consistent with DNA microarray analysis of the same rat modeIs. There is no statisticaIIy 

significant association between the polyrnorphisms and schizophrenia. 

Conclusions: No association between the 2 polymorphisrns in the 3' untranslated region of the 

SNAP-25 gene and schizophrenia was found, in spite of the differential expression in the rat 

models. Prornoter region polymorphisms will be studied in future to assess the possibility of 

association with schizophrenia. 



71 P fntntdUCtt*um 

We have recently identified SNAP-25 as a candidate gene for schizophrenia by 

analyzing differentially expressed genes in the frontal and temporal cortex of several 

groups of rats, using suppression-subtraction PCR (Diatchenko and et al. 1996: Wong. 

Kawczynski et al. 2000). We compared adult Fischer 344 (F344) rat tissue to that of 

Lewis rats, and to that of neonatd (day 6) F344 rats. We also compared aduIt F344 rats 

that had been treated with haloperidol to those treated with control vehicle. The neonatal 

vs. adult F344 cornparison was aimed at identiming genes with a change in expression 

levels during development. Because schizophrenia usually begins to cause symptoms in 

late adolescence or early adulthood, we postulate that a change in gene expression may 

accompany or cause this emergence of syrnptoms. F344 and Lewis rats were compared 

because the Lewis strain is more resistant to the effects of neonatal ventral hippocarnpal 

(VH) lesions. an animal mode1 of schizophrenia (Lipska and Weinberger 1 995). 

Differences in gene expression between the strains could account for the relative 

vulnerability of F344 rats to the behavioural effects of these lesions. Halopendol is a 

common antipsychotic used to treat schizophrenia and it may induce changes in gene 

expression that are related to the clinically observed improvement. 

We confirmed our earlier findings by examining mRNA expression levels in the 

same animal groups listed above using real-time, quantitative PCR (Wittwer. Hemnann 

et al. 1997). We compared the expression levels in temporal and frontal cortex of 

neonatal ventral-hippocampal lesioned F344 rats, with sham-lesioned rats. Half of the 

V H  lesioned rats were treated with haloperidol, and the other half received control 

vehicle in order that we could also compare expression levels between haloperidol- 



treated and vehicle-treated mirnais with either VH-lesions or sham lesions. The neonatai 

VH Iesion procedure involves stereotactic microinjection of ibotenic acid into the ventral 

hippocampus of neonatal rats on day 6. lnitially the behaviour of these animals is normal. 

but by day 50 (which is roughly equivalent to late adolescence in humans) the post- 

pubertal lesioned animals develop a variety of behavioural and biochemical abnormalities 

related to psychotic behaviours in humans. These abnormalities include changes in 

locomotor hyperactivity, hyperresponsiveness to stress (Lipska Jaskiw et al. 1993), 

ievels of dopamine and its metabolites (Lipska, Jaskiw et al. 1 W), prepulse inhibition of 

stade (Lipska, Swerdlow et al. 1999, among others. 

The differential expression of SNAP-25 between adult F3.14, Lewis and neonatal 

day 6 F344 rats suggests that this gene is a candidate for linkage studies in schizophrenia 

for several reasons. Changes in frontal and temporal cortex gene expression between day 

6 and day 50 in the F344 rat may be similar to human expression patterns, and may 

therefore be related to the characteristic post-pubertal emergence of psychotic symptoms 

in schizophrenia. Rat strain differences in SNAP-25 expression may be related to the 

differential vulnerability that F344 and Lewis animals have to the behavioural effects of 

the VH lesion, which may be relevant to a more general vulnerability to psychosis in 

humans. Finally, differences in SNAP-25 expression d e r  halopend01 treatment may be 

relevant to neuroleptic treatment response in schizophrenic patients. In addition to the 

experimental basis for selecting SNAP-25 as a candidate gene for a schizophrenia 

genetics study, what is known of the hinction of SNAP-25 suggests possible involvement 

in the pathophysiology of psychotic symptoms. 



SNAP-25 is e nerve teminai protein that is hvolvd in the assernbfy of the 

synaptic vesicle-docking complex, the docking of synaptic vesicles and membrane fusion. 

It acts in concert with vesicle-associated membrane protein (VAMP) 1 synaptobrevin and 

syntaxin 1 al1 b to effect neurotransrnitter release at synapses (Wilson, Mehta et al. 1996; 

Hodel 1998). Many neurotransmitter systems are dependent on this compiex of molecules 

for exocytosis, and deficits in expression of SNAP-25 or the other proteins may play a role 

in the abnormal behaviours of neuropsychiatric diseases. The coioboma (Cm/+) mutant 

mouse has 1-2cM deleted fiom chromosome 2. in a region that includes the genes for 

SNAP-25 and phospholipase C isoform P- 1. Coloboma mice exhibit delayed 

neurobehavioural developmental milestones (Heyser, Wilson et al. 1995) and profound 

spontaneous locomotor activity (Hess, Jinnah et ai. i 992). This parallels the hyperactivity 

seen with the VH-lesioned F344 rats (Lipska, Jaskiw et al. 1993), and is also similar to the 

hyperactivity induced by amphetamine treatrnent (Geyer, Russo et al. 1987). The C'ml+ 

mouse hyperactivity was corrected when a SNAP-25 transgene was bred into the strain. 

showing that the hyperactivity was due to the SNAP-25 deletion (Hess, Collins et al. 

1996). Coloboma mice aiso exhibit regional and trmsrnitter specific deficits in 

neurotransmission, notably in glutamate and dopamine release (Raber, blehta et al. 1 997). 

Both the glutamate and dopamine systems are related to psychotic syrnptoms in that dmgs 

moduiating these systems can induce or reduce psychotic symptoms. Phencyclidine (PCP) 

acts on NMDA receptoa (Halberstadt 1995; Steinpresis 1996) and amphetamine 

potentiates dopamine release to induce psychotic symptoms (Ellison 1994). while 

antipsychotics antagonize dopamine receptors to reduce psychotic symptoms (Seeman and 

Lee 1975). 



A rmnt study of hippocmnpai comreaMty msayed SNAP-25 and symptophysin 

immunoreactivity in post-rnortem brains of schizophrenics and controls (Young, Arima et 

al. 1998). There were reduced levels of SNAP-25, especiaily in the terminal fields of the 

entorhinal cortex, where others have also found deficits in cortical comectivity in patients 

with schizophrenia (Jakob and Beckmann 1986; Jakob and Beckmann 1989). Using 

quantitative Western blotting, others have also found decreased levels of SNAP-25 in the 

Uiferior temporal cortex, and the prefiontal association cortex (Thompson, Sower et al. 

1998). Karson et al. confirmed these findings in prefiontal cortex (Brodmann's area 10) 

but Northem hybridization analyses did not show differences in SNAP-25 mRNA in 

schizophrenics relative to controls (Karson, Mrak et ai. 1999). The brain areas studied in 

the studies cited have previously been shown to have dscreased volumes in imaging 

studies of schizophrenic patients compared to controls (Harrison 1999). The SNAP-25 

gene has been provisionally mapped to 2Op 12-2Op 1 1 .Z (Maglott, Feldblyum et al. 1 W6), 

and one group has found weak evidence of linkage at 20p 1 1.23 for schizoaffective 

disorder (Gejman 1999). 

7.2 Màteriais and Methods 

7.2.1 Animal procedures and handling 

Al1 animal procedures were canied out in accordance with our institutional 

animal care cornmittee, which oversees and approves al1 animal experimentation. 

Animais in our facility were obtained fiom Charles River Laboratories Inc. (Wilmington, 

MD), and were housed in our animal colony with 12-hour light-dark cycles and food ad 

libitum. Adult (day 50-55) Fischer 344 and adult (day 50-55) Lewis rats were housed for 



WQ weeks until king sacrificed. Pregnant F M  rats gave bi& shortly before or afier 

delivery, and neonatal (d5-7) rats were sacrificed. Several groups of adult F344 animals 

received daily treatrnent with either i.p. haloperidol (Research Biochemicals 

International) dissolved in 1.5% tartaric acid (Fisher Scientific Company. Fair tawn, NJ) 

at a dose of O. 1 Smgkg, or the vehicle alone, for 14 days. VH lesioned animals were 

prepared as previously described (Lipska, Jaskiw et al. 1992), and were treated with 

either haloperidol or vehicle as above. Al1 anirnals were sacrificed by decapitation. and 

the brain was immediately dissected from the skull. Temporal and frontal cortex were 

removed according to gross anatomical atlas landmarks (Paxinos and Watson 1986), and 

immediately frozen on dry ice. 

7.2.2 RNA isolation and cDNA synthesis 

Poiy A', and total RNA isolation was done with the RneasyB Mini Kit (Qiagen 

Inc. Valencia, CA) and the Oligotex mRNA mini Kit (Catalogue #70022, Qiagen hc .  

Valencia, CA) respectively. The amount of mRNA was quantified by spectrophotometry 

(Hitachi U-2000 spectrophotometer. Tokyo, Japan). cDNA was prepared by reverse 

transcription using the OrnniscriptTM reverse transcription kit (Qiagen. Mississauga, 

Ontario, Canada) according to the manufacturer's protocol. Each 2OpL reaction consisted 

of: 2pg of mRNA, 2pL of 10x RT buffer, 2pL of 5mM dNTP mix, l pL of 3Opg/yL 

RNAsinB (RNAse inhibitor, cataiog# N2 1 1 1, Promega CO., Madison WI), 1 pL 

OmniscriptTM reverse transcriptase, 2.8pL of 1 lg/pL Oligo dT (Research Genetics, 

Huntsville, AL), and RNAse-fiee water up to 20pL. This reaction mixture was incubated 



at 37OC for 1 hour. nie cDNA was quantifid by spectmphotometry end diluted with 

water to a concentration of 50ng/pL. 

7.2.3 Real- tirne quantitative PCR iuith S M  P-25 

Al1 quantitative PCR reactions were perforrned using the Bio-Rad i-cycler thermal 

cycler (Bio-Rad Laboratones. Hercules, CA) and SYBR 1 green fluorescent dye (Perkin- 

Elmer / Applied Biosystems, Foster City. CA). PCR prirnen were selected from the rat 

SNAP-25 cDNA sequence on the National Center for Biotechnology Information 

database (htto ://wnv.ncbi .nlm.nih.aovq as submined by Cho et al. (accession nurnber 

AF245227). The fonvard primer sequence was: tccatgacagtagcatactg, and the reverse 

primer: gacagaagaaggtgacacag, yielding an amplicon 139 base-pairs in length. The 

cycling conditions were: denaturing cycle at 95OC for 4.5 minutes, followed by 50 cycles 

oE 9S°C x 20s, 56OC x 15s, 72OC x 15s. PCR products were visualized on a 2.5% agarose 

gel in TAE aRer being run for 45 minutes at 100V, to check the quality of the 

amplification. Fluorescence readings were taken at I -second intervals throughout the 

extension step and plotted using the proprietary software to yield an amplification 

threshold value for each sample. Three PCR reactions were performed for each cDNA 

sample, in two successive runs, for a total of 6 PCR reactions per cDNA type. One cDNA 

sample was serially diluted in 4, ten-fold incrernents and triplicate quantitative PCR 

reactions were performed. This dilution experiment established the relationship between 

relative concentration and threshold value for SNAP-25 using these PCR reaction 

conditions. 



7.2.4 Patient reCnnnnent und sampIe cdIectim 

Subjects for this study were recruited with fully idormed written consent, and in 

accordance with University of Toronto and Medical Research Council of Canada guidelines for 

the ethical treatment of human subjects. A total of 168 trios consisting of probands with 

schizophrenia and their parents were collected from both mainland Portugal (Coimbra) and the 

Azores islands (87 trios), and from hospitals in Toronto, Ontario (8 1 trios). The collection of 

patient sampies fiom Portugal was within the framework of a NIMH-sponsored grant to one of 

the authors (C.P.). Al1 patients had a diagnosis of schizophrenia according to DSM-IIIR / DSM- 

TV (DSM-IV 1994). In patients from continental Portugal and the Azores. the diagnosis was 

confirmed with the digs (diagnostic interview for genetic studies) (Numberger. Blehar et al. 

1994). A SCID (structured clinical interview for diagnosis) was administered by trained research 

assistants to each proband fiom the Toronto region to confirm a DSM-III diagnosis of 

schizophrenia. Patients had already received an independent clinical diagnosis of schizophrenia 

fiom their refemng psychiatrist. in both samples, a consensus-based procedw provided the 

ultimate decision for the diagnostic classification of the patients. The ethnic origin of patients 

from Toronto reflected the diverse population of the smunding  city, but the samples provided 

in collaboration with Dr. Carlos Pato were primady of Portuguese descent, with a high degree of 

population homogeneity in the Azores sample. Venous blood was obtained fiom ail three 

members of each trio using standard veinipuncture techniques. DNA was extracted using a non- 

enymatic high-salt procedure (Lahiri and Numberger 199 1). 



7.2.5 Genotyping polymorphisms 

Two restriction fragment length polymorphisms (PJLP) were typed with the 

enzymes Mnl 1 and Dde i (Barr, Feng et al. 2000). The Mnl 1 and Dde I RFLP's are 

closely opposed, and are visualized by digesting the sarne PCR amplicon. In the 2046bp 

SNAP-25 human cDNA. the M d  I and DdeI polymorphisrns are located in the 3' 

unrranslated region at positions 1064bp and 1069bp. The Mni YDde 1 amplicon is 

between 84 1 - 1 10 1 bp of the human SNAP-25 cDNA sequence 

(http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?cmd=Retnevebdb=Nucleotide&lis~ 

uids= 1 14207 1 1 &dopt=GenBank). 

The lMnl VDde 1 primer sequences were: ( 5 ' )  ttctcctccaaatgctgtcg, and (5') 

ccaccgaggagagaaaatg (ACGT corporation) as descnbed by Barr et al. (Barr, Feng et al. 

2000). The PCR reaction consisted of: 2.5pL genomic DNA (50 ng/pl), 2 .5~1 10x PCR 

bufTer (Perkin-Elrner, Branchburg, NJ), 1.5pL of 25mM MgC12 (Perkin-Elrner), 0.4pL of 

IOmM dNTP mix (Amersham Pharmacia Biotech, Piscataway, NJ), 2pL each of ZOng/pL 

Primer, O.2pL Taq (5U/pL) polyrnerase (Perkin-Elmer), and 13.9pL deionized H20. 

After denaniring at 9S°C for 5 minutes, 35 cycles of PCR in a Perkin-Eher GeneArnp 

PCR system 9700, were performed with the following conditions: 94OC x 30sec. 60°C x 

40sec, 72OC x 30sec. A final extension of the reaction was performed at 72OC for 7 

minutes. 

The Mn1 I digestion reaction consisted of: 2.5pL 10x bdTer #2,0.5pL Mn1 1 

(5U/pL), 0.25pL of 100x BSA (al1 three components fkom New England Biotech, 

Beverly, MA), and 1.75pL H20, to each PCR reaction. Mer digestion at 37 O C  for 4 



Irours, the sampfe was run on a 2.5% agarose get at IWV for 60-80 minutes. The uncut 

allele appeared as a 256bp band. while the cut allele had bands corresponding to 21 0bp 

and 46 bp. Dde 1 digestion was performed by adding: 2.5pL 10x buffer #3,0.25pL Dde 1 

(lOU/pL). (both from New England Biotech, Beverly, MA), and 2.2SpL H20, to each 

PCR reaction. Afier digestion at 37 O C  for 4 hours, the sample was run on a 2.5% agarose 

gel at lOOV for 80-90 minutes. The uncut allele appeared as a 261 bp band, while the cut 

allele had bands corresponding to 228bp and 33 bp. 

7.2.6 Sta fistical Anabis  

Demcgraphic and specific population genetic differences were evaluated with 

traditionai statistical techniques, using chi-square and t-tests procedures for categorical 

and continuous variables respectively, where applicable (Stata 6.0, Stata corporation, 

1996). The current sample includes both parentslproband trios and extended families. 

making the genetic statistical analysis dificult. In fact. a simple and straightforward 

approach like the transmission/disequilibrium test is not applicable in extended families. 

since marker genotypes arnong siblings are correlated in linked regions. Thus, to detect a 

possible correlation between genotype and phenotype the FBAT procedure was used 

(Lake, Blacker et al. 2000). This tests for association in the presence of linkage and 

generalizes the transmission disequilibrium test to any kind of fmily. The FBAT method 

is a valid test for the nul1 hypotheses of no linkage and no association as well as of no 

association in presence of linkage: the procedure is consistent even when the sibling 

markers are correlated if the test statistics are caiculated using an empincal variance- 

covariance estimator (EV-FBAT). 



Z3 Resuh~ 

7.3.1 Quantitative PCR 

In order to c o n f m  the differential expression of SNAP-25 identified by ss-PCR 

in Chapter 4, real-tirne quantitative PCR (Q-PCR) was used. Also, since the VH-lesioned 

and sham-lesioned animals were not part of the ss-PCR experiments. the q-PCR 

procedure was used to determine the relative expression levels of SNAP-25 in the 

lesioned rats. A log-linear regression analysis of the serial dilution results was performed. 

Threshold cycle values for these samples of known relative dilution were ploned against 

the log of their relative dilution to yield the standard c w e .  The regression statistic was 

based on four dilutions, and showed a multiple r-value of 0.993 (standard error 1.334), 

which indicates good agreement with the theoretical regression curve. The regression 

generated a standard curve that allowed the conversion of experimental sample threshold 

d u e s  into a relative diIution number. The relative dilution number was then used to 

compare the relative amounts of SNAP-25 cDNA in each experimental sarnple, and had a 

standard percentage error of 4.6 1%. These results are summarized in figure 7.1. The 

results were grouped and normaiized to the wild-type or control animal in each group. 

The results indicate rninor differences in SNAP-25 expression as a result of the 

VH lesion. within the range of experimental error. Haloperidol alone (without surgical 

interventions) appean to decrease SNAP-25 expression levels, especially in temporal 

cortex. The most dramatic differences were a 3-fold increase in SNAP-25 expression 

during development fkom day 6 until day 70, and 2540% greater expression levels in 

F344 vs. Lewis rats. Both of these differences appear more pronounced in temporal tissue 

rather than fiontal cortex. 



Figure 7.1 Quantitative PCR results expressed as relative arnounts of SNAP-25 cDNA 
starting material in each sample. Each group of cornparisons is separated by a gap in the 
x-axis. The amount of cDNA was extrapolated fkom the PCR threshold value, based on 
the log-linear regression cuve derived fiom the seriai dilution q-PCR threshold values. 
The values for the amount of starting materiai for SVTT FT, CTT SVF, FF and CF. were 
set at one, and the other values within each group were normalized to the index value. 
The standard error was 4.6 1%. Abbreviations: S=Sham, L=VH lesion. H=HaloperidoI 
treatment, V=Vehicle treatment, F=Frontal cortex, T=Temporal cortex. 

7.3.2 Genetic analysis 

The mean age of the Toronto and Portuguese subjects was 34.3 and 3 3.6 years 

respectively, and mean age of onset (when available) was 19.6 and 22.1 years 

respectively. For the combined sample, the mean age was 33.9 years and the mean age of 

omet was 2 1.1 years. In the Toronto sample, the ma1e:female ratio was 69.9 : 30.1. and in 

the Pomiguese sample this ratio was 63.6 : 36.3. In the cornbined sample. the 

maie:female ratio was 66 : 34. None of these differences is statistically significant. Allele 



frcguexrcies were mt significmtly diffefent between the samptmpks despite their diverse 

origins, as rnight be expected in a highly conserved gene. This was assessed with a 

simple analysis of allelic frequencies across the 2 populations (Portuguese and 

TorontolNorth Arnencan) by a chi-square test (chi-square 2.06, 1 df, p=0.15). Therefore. 

the sarnples were combined for the purposes of this analysis. 

In the combined sample the allele frequencies were: Dde 1, 0.7851 0.21 5 ;  Mn1 1. 

0.61 7/ 0.383, where the two figures represent the proportion of individuals with the uncut 

/ cut version of the RFLP, respectively. As expected given their reciprocal close 

proximity, the two loci are in linkage disequilibrium to each other (data not show). 

Among the 205 available pedigrees. 80 were informative for the analysis but results fiom 

EV-FBAT show no association/linkage disequilibrium of schizophrenia with the !WdI  

and the Dde 1 polymorphisms in the overall sample. 

7.4 DIrcrrssion 

To our knowledge, this is the first genetic study of SNM-25 and schizophrenia 

using a farnily-based association approach. The selection of SNAP-25 as a candidate 

gene is based not only on speculations about its possible relationship to the etiology or 

pathophysiology of schizophrenia, but on experimental parameters of rat schizophrenia 

models. The differential expression of SNAP-25 has been confmed using 2 separate 

techniques: suppression-subtraction PCR and quantitative PCR with SYBR 1 Green 

fluorescent dye. These different methods of assessing mRNA expression levels produced 

consistent results, indicating that SNAP-25 is expressed at substantially greater levels 

during maturation of F344 rats, at greater levels in F344 vs. Lewis rats, and is reduced by 



hdoperidot treatment. Ttim diffnrnces in expression fokiow a pattern in which kÏgher 

levels of expression are correlated with increased vulnerability to psychotic-like 

behaviours. 

Experiments with the SNAP-25 knock-out coloboma mouse however, seern to 

contradict this pattern, since the knock-out mice have one SNAP-25 gene deleted. yet 

display some of the sarne psychotic-like behaviours such as hyperlocomotion. Without 

more knowledge about the factors controlling these non-specific behaviours in rodents, it 

is difficult to reconcile this apparent contradiction. Several speculative explmations are 

possible. The coloboma mouse has genes other than SNAP-25 deleted - genes that may 

also modulate the abnormal behaviour of these mice. SNAP-25 may be protective against 

hyperlocomotion and the other psychotic-like behaviours. Thus, the higher levels of 

SNAP-25 expression in adult F344 rats for example, may be a compensatory response to 

an inherent vulnerability to hyperlocomotion. Another possibility is that SNAP-25 levels 

that are too high or too low result in abnomal behaviours. and that in normal animals, 

SNAP-25 is expressed within a certain range. 

The lack of association between the 3 '-untranslated region polymorphisrns in the 

SNAP-25 gene and schizophrenia does not necessarily contradict the other findings 

regarding this gene. If the SNAP-25 gene on its own, confers a small relative risk for 

developing schizophrenia, then this association analysis may not have ~ ~ c i e n t  power to 

detect an association. Based on the power cdculations by Risch (Risch and Merikangas 

1996; Risch 2000), our sample of 80 informative pedigrees would be ~ ~ c i e n t  to detect 

association in the presence of linkage only if the polymorphisrns conferred a relative risk 

for schizophrenia of >4. This calculation is based on the assumption of a multiplicative 



muftilocus rnodet of mhdtance. Atttrmgh association strategier may be more 

appropriate for studying complex genetic diseases than traditional linkage analysis, 

considerable but realistic numben of families are still required to detect genes that confer 

a small relative risk. For example, the affected sib-pair approach would still require 

>IO00 informative pairs to detect the genetic effects of a locus that conferred a relative 

risk of GRR4.5  (Risch 2000). 

Altered expression levels of SNAP-25 could result from promoter-initiated down- 

regulation, which has no known relationship to the two polymorphisms studied. Short 

sequences immediately upstrearn form the transcription start site bind transcription 

factors and appear to be involved in basal, neurospecific expression of SNAP-25 

(Ryabinin, Sato et al. 1995). However, a recent case-control study of a novel 

polymorphism in the 5'-upstream region did not show an association with schizophrenia 

(Tachikawa, Harada et al. 2001), but it is not clear if this polymorphism affects SNAP-25 

expression levels. Possible future work could include a search for polyrnorphisms in 

SNAP-25 promoters that do have an effect on gene expression, and that may therefore be 

associated with schizophrenia. It is also possible that changes in SNAP-25 expression are 

indeed part of the pathophysiology of schizophrenia, but that this results from other 

regdatory idluences outside the gene. Genes coding for other proteins that influence 

SNAP-25 expression may have polymorphisms that are associated more strongly with the 

disease. 



8. Discussion 

"Concem for man himself and his fate mus2 always fom the chief interest of al1 technical endeavors ..." 
'4 Ibert Einstein 

The findings described in the four previous chapters consist of the identification 

of candidate genes for schizophrenia based on the differential expression of genes in 

specific rat preparations relevant to schizophrenia, and the genetic analysis of two of 

these candidate genes, 14-3-3 and SNAP-25, in a sample of schizophrenia trios and 

families. Two separate techniques, ss-PCR and commercial cDNA microarray 

hybridization blots, were used to find differentially expressed genes in a variety of rat 

schizophrenia models. The main candidate genes identified are listed in table 8.1 below. 

These candidate genes include some. Iike 14-3-3 and SNAP-25, that have been 

impiicated in schizophrenia by other studies. Other candidate genes have not been studied 

in schizophrenia, and do not have an intuitive reason for being related to the disorder. 

Table 8.1 Candidate genes identified fiom both ss-PCR and cDNA microarray 
analysis of differential gene expression resutting fiom the VH-lesion, haloperidol 
treatment, strain differences and development. 

1 4-3 -3 
adenosine monophosphate deaminase 3 (Ampd3) 
breast tumor autoantigen 
Casein kinase 2, beta polypeptide 
Chymotrypsinogen B 1 
glyceraldehyde 3-phosphate dehydrogenase 
MaxiK potassium channel beta subunit 
mitochondrial cytochrome oxidase (cornplex IV) subun its 
mitochondrial tEWA 
Parathymid hormone receptor 1 
Phosphohctokinase 
SNAP-25 
Squamous ceIl carcinoma antigen 1 



Th+ wide varkty of candidate gens identifid is consistent with the objectives of 

this project. Since no genes have definitively been linked to schizophrenia at present, new 

strategies to find candidate genes are needed. Genes that have some intuitive relationship 

to the pathophysiology of schizophrenia are attractive candidates. but none so far have 

been found to increase susceptibility. Therefore the novel candidate genes above provide 

a starting point for genetic analysis in schizophrenia linkage and association studies. 14- 

3-3 was found to be associated with schizophrenia, but SNAP-25 was not, based on the 

data presented in Chapters 6 and 7. The finding for 14-3-3 is consistent with a previously 

published case-control study (Toyooka, Muratake et al. 1999), and the SNAP-25 findings 

are the first family-based association study in schizophrenia. 

8.2 Technical considerations 

Two diflerent methods for identiQing differential gene expression were used: ss- 

PCR and microarrays. These two techniques are complementary since they each have 

inherent biases, and could be predicted to highlight different genes. The microarray 

technique may provide a more accurate overall picture of gene expression levels in a 

given sarnple, but genes that are expressed in srna11 amounts (in any condition) may not 

have hybridization intensities significantly above background levels. and therefore may 

not show statistically significant differences in the analysis. The ss-PCR procedure. on 

the other hand, may select for genes that have more easily amplified cDNA fragments. 

Because there is no way to know apriori, which genes will be relevant to schizophrenia. 

the use of both techniques decreases the chances of missing hinctionally important 

candidate genes. 



The prepcuations used in these expefinients are not accurate representations of 

schizophrenia. Rather, they exhibit some of the more robust and expenmentally feasible 

findings that are also seen in patients with schizophrenia and in pharmacologicd animal 

models of schizophrenia. The behaviours that are measured in rat models have an indirect 

relationship to the schizophrenia phenotype, of course. The diagnostic features of 

schizophrenia are abnormalities in functions that either do not exist, or cannot be 

measured as yet in other species. Despite the many imperfections of a rodent model for 

schizophrenia, there are compelling reasons for this approach. The VH lesion model is 

one of the best rodent models available for schizophrenia not only because of the many 

behavioural changes it shares with schizophrenia. The delayed onset of deficits. and the 

absence of direct dopamine system intervention are important factors as well. However. 

the chronic PCP treatrnent model, especiaily in non-human primates, is another 

potentially useful model in which differential gene expression could be studied. 

The main argument for the use of animal models ta identiQ differentially 

expressed genes is based on the problems with postrnortem human tissue analysis. 

Humans are an outbred species. so their genomic DNA sequence and gene expression 

patterns are highly variable. hdeed this feature makes population genetic studies possible 

by using naturally occurring polymorphisms as markers. However, in comparing the gene 

expression pattern of human tissue, there is significant noise generated by this variability. 

making it difficult to separate genes related to the iliness nom other inter-individual 

differences. A fUrther obstacle to the use of post-mortem tissue is the effect of treatment. 

This is true of any illness, but especiaily so in schizophrenia, in which patients may be 



exposed to decades of mtipsychotic Éreatment. Finding a tmty match& control fur this 

situation is impossible. 

The concept of using differences in gene expression to identi@ candidate 

etiological genes is fiaught with uncertainty. Gene expression is influenced by many 

factors: environmental, genetic, and epigenetic, so it is likely that rnany genes that are 

altered in expression levels by a disease may not, in fact, be related to the primary 

molecular pathology of the disease. The assumption is that the pathophysiology of 

schizophrenia and animal rnodels with psychotic-like behaviours, intersects at some 

point. The candidate genes identified in comparisons between lesioned and sham Iesioned 

rats are, of course, welated to the etiology of the abnormal VH-lesion phenotype. The 

etiology is scientist-induced traumatic brain darnage. However, the comparisons between 

rats of different ages, strains and with haloperidol treatrnent, may identifi gene- 

expression changes relevant to genetic vulnerability to develop abnormal behaviours. It is 

these genes that may be important in etiology of schizophrenia. Furthemore, the 

identification of gene-expression changes in the various animal preparations may provide 

information about the pathophysiology of the abnormal behaviours. This information can 

facilitate an understanding of the mechanisms by which the abnormal phenotype aises. 

pointing to other candidate genes. 

The positive genetic association reported between with 14-3-3 and schizophrenia 

connmis the hypothesis that it is possible to identiQ candidate genes for schizophrenia 

based on differentid expression in a rat model. However, independent replication of these 

hdings in a separate sample of patient DNA is necessary. The statisticd problems with 

replication of genetic linkage findings in schizophrenia have been discussed in the 



hmhuctim and appiy ta these two genes as wett ( S t m z ,  Hampe et at. 1994). However, 

the positive association result with 14-3-3 mus1 be viewed in the context of the candidate 

gene selection process. These genes were not intuitively or randomly selected from the 

genome, but have some fiction in modulating rat phenotypes that share some features 

with schizophrenia in humans. This fact strengthens the positive genetic association 

findings, apart from statistical arguments. 

The ascertainment of genetic association with the candidate genes listed above 

raises the question of multiple testing and the possibility of false positives that may result 

from testing many candidate genes (type 1 error). From a statistical perspective, there is 

no simple or entirely satisfactory solution to the pmblem of multiple testing in general 

(Altman 199 1). One proposed threshold for significance in whole genome linkage 

analyses is a LOD score of 2 3.6, which would be equivalent to a 5% chance of randomly 

finding linkage across the whole genorne. This situation is relevant because it assumes a 

random assessrnent of closely-spaced markers on al1 chromosomes, without regard to the 

biologicd fûnctioning of the genes related to these marken. Similady. whole-genome 

association studies with candidate markers distri buted throughout the chromosomes 

would certainly require a similar consideration of multiple testing, to reduce the rate of 

type 1 erron. No such correction has been applied in the assignment of significance levels 

to the association studies with 14-3-3 or SNAP-25, descnbed in Chapten 6 and 7 

respectively. 

1 would argue that correction for multiple testing in the association studies in this 

thesis is complicated by several considerations. Fint of dl, the selection of candidate 

genes is certainly not random, but based on both original experimental data, and on 



existing idornation about genetie tinkage, ~ssociatiorr and W o n .  Secmd, it is not 

possible apriori, to determine how many candidate genes we will in fact test for 

association to schizophrenia. In reality. these genes will be tested one-by-one, and the 

priontization of candidate genes for genetic analysis will be influenced by ongoing 

progress in knowledge of these genes, and by our own Funftionai experiments and other 

animal mode1 experiments. A simple Bonferroni correction is likely to be too 

conservative (Altman 199 1 ; McIntyre, Martin et al. 2000) and its application may instead 

obscure important findings. The association with 14-3-3 has a p-value of 0.037, that 

would no longer be significant at a corrected p-value of 0.025 for the testing of 2 

candidate genes (1 4-3-3 and SNAP-25). 

One might also argue that regardless of the strength of biological data supporting 

the selection of candidate genes. a significance level of p=O.O5 could result in a false 

positive result, on average, for every 20 candidate genes tested. An alternative to the 

Bonferroni correction for multiple testing is a multilocus Monte Car10 approach. which 

c m  be applied with alleles at linked markea (McIntyre, Martin et al. 2000). However. the 

multiple candidate genes we have identifîed may be functionally, rather than genetically 

linked, and this M e r  complicates the correction for multiple testing. Ultirnately, 

statisticai significance provides only a probabilistic assessment of the possibility of a 

"real" association between a given gene and schizophrenia. Functional experiments that 

demonstrate a mechanism by which such a gene can produce the disease phenotype 

remain the defuiitive method of evaiuating causation. However, several imrnediate steps 

c m  be taken to confimi the validity of the positive association result with 14-3-3, 

including replication of the result in other populations and with other markers in the same 



gene. Preliminetry data wicti a SNP in the 3' untramtateci mgim that with AmIf 

(Hayakawa, Ishiguro et al. 1998), aiso show a significant association with schizophrenia. 

Consultation with an expert statistician may also be useful in resolving this issue. 

Dopamine system genes are conspicuously absent from the list of candidate genes 

identified. This raises some cautiously considered possibilities. The findings of altered 

dopamine receptor levels both in vivo and post mortem in schizophrenic patients have yet 

to be disentangled fiom the effects of neuroleptic treatment. Despite playing a vital part 

in the treatrnent of schizophrenia and psychosis, the dopamine system rnay be only 

indirectly related to the etiology of schizophrenia. This is supported by the lack of 

consistent human genetic data linking prirnary dopamine system genes with 

schizophrenia. 

Many of the limitations and problems in schizophrenia genetics are problems 

encountered in dl areas of schizophrenia research. Accurate and valid diagnosis remains 

a serious potentiai confounding factor. The medicai mode1 is predicated on identiming a 

pathology that is the definitive marker of a disease. Without the knowledge to make a 

pathological diagnosis, we are forced to rely entirely on clinical history. ï h e  current 

criterion-based diagnostic system may result in the inclusion of disparate diseases or the 

exclusion of less severe forms of schizophrenia. The diagnostic criteria represent a 

consensus-based compromise between very narrow and very broad critena, with the 

recognition that, in the absence of better information, a standardized diagnosis at least 

allows cornparisons between different research centers and clinicians. 

Microarray technology is relatively new, and has bugs that the various 

manufacturers must still address. One of the issues is quality control and accuracy of the 



clones deposited on each mkroarray membrane. Cross contamination of  the bactena1 

cultures used to grow cDNA clones is a problem, as is the arnbiguity of many DNA 

sequences in the public database, and simple errors that arise in documenting such large 

amounts of information (Knight 200 1). Two things can be done about these problems. 

both of which are included in this thesis. 

Independent verifkation of differential expression for each candidate gene 

identified by the microarrays. is the most rigorous way to check for microarray clone 

errors, whatever the source. The use of quantitative PCR to veriQ the differential 

expression of the PTHrP receptor gene rnRNA, presented in chapter 5. is an example of 

this approach. The use of q-PCR also addresses the potential problem with variation in 

hybridization intensity that results from random experimental error. These errors could 

detemined by serial hybridization of identical probes, but are also addressed by the 

Chen-test (Chen, Dougherty et al. 1997) to identify only significant differences in 

expression among the majority of non-significantly different cDNA clones. 

Cluster analysis, aimed at identifiing patterns of changes in groups of genes, 

arnong various conditions, exploits the unique properties of rnicroarray data. The analysis 

of gene clusten avoids the pitfall of concentrathg on any single cDNA clone, and so 

reduces the impact that individual labeling e m r s  rnay have on the interpretation of data. 

The comparison of synaptic gene clusters in chapter 5 is one example of this strategy. 

Functional gene clusters are just one way of using cluster analysis. Analyzing clusten of 

genes that are modified in expression levels between severai experimental conditions can 

yield insights that would be impossible to discem without the data fiom microarray 

technology. For exarnple, preliminary aoalysis of VH-lesioned vs. sham-lesioned and 



neonatd day 6 vs. ad& M44 rats reveds a significant c h t e r  of genes whose expression 

is aitered between these pairs of comparisons. In contrast. comparison of neonatal day 6 

vs. VH-lesioned F344 rat tissue does not show the same difference in this large cluster of 

genes. These observations are again preliminary, but suggest new avenues of 

investigation, particularly in exarnining why the VH-lesioned animals have a gene 

expression pattern similar to neonatal animals. Perhaps the VH-lesion prevents the gene 

expression changes normally associated with development of the F344 brain? 

8.3 A cure schizophrenia phenotype? 

There is considerably more fkeedorn in designing expenments with animal as 

opposed to human subjects. Many more variables can be controlled. and the problems 

with human post-mortem tissue studies have been mentioned in the previous section. An 

inherent assurnption in using animai models in studies of schizophrenia is that the animal 

phenotype captures some important aspect of the human disease. The parallels between 

the animal model and schizophrenia cm presumabiy tell us something about the biology 

of schizophrenia, in a simpiified expenmental system. However, if these assurnptions 

about the fidelity of the animal model are tme, then what about studying the same 

behaviourai phenotypes in humans? 

Many diseases of the brain and general medicai illnesses can cause psychotic 

symptoms. So can a good proportion of street drugs. Mood disorden can often have a 

psychotic component, especially in severe episodes of mania or depression. Psychosis is a 

highly nonspecific but very obvious feature of schizophrenia The presence of chronic 

psychosis without a demonstrable cause is central to our diagnosis and clinical 



management of schimphrnna, but is it a core phmatype? 1s it perfiaps a fmai common 

pathway of a variety of brain dysfunctions, and therefore a rather distd and unpredictable 

effect of the presumably genetic etiology (Tsuang, Faraone et ai. 1993). The problem lies, 

of course, in figuring out which of al1 the abnormal findings in schizophrenia, is most 

proximal to the underlying genetic pathology. 

Some schizophrenia studies have incorporated eye-tracking abnormalities (Arolt, 

Lencer et al. 1996) and p50 evoked-potential measurements (Freedman, Coon et al. 1997) 

as phenotypes in genetic linkage anaiysis. Another study found a LOD score of 3.55 for a 

composite inhibitory phenotype in schizophrenic multiplex families that included both 

the p50 and antisaccade oculo-motor performance (Myles- Wonley, Coon et al. 1999). 

The latter study found the strongest linkage to a marker in the chromosome 22 region 

q 1 1 - 12, the same region where 14-3-3 and the VCFS deletions are Iocated. The p50 and 

other neurobiological dysfunctions may be relatively nonspecific to schizophrenia, but 

the use of a combined phenotype of schizophrenia with some of these neurobiological 

measures rnay narrow the phenotype and facilitate more powerfùl linkage anaiysis 

(Tsuang 2000). Periodic catatonia has been described as a clinical subtype of 

schizophrenia., and a recent multipoint linkage study has found evidence for linkage at 

1 Sq 15, and "suggestive" evidence for linkage at 22q 13 (Stober. Sam et ai. 2000). which 

is in the sarne region as the 14-3-31 gene. Continued research into the phenomenology 

and neuropsychological abnormalities of schizophrenia rnay reveal novel phenotypes that 

represent core abnormalities in schizophrenia that can assist in the search for 

schizophrenia genes. 



8.4 Whp dues sck~ophrenia ex&? 

Schizophrenia is labeled as a disease because for the majority of the people 

afflicted with the symptoms, the experience is not only extremely disturbing, but also 

leads to a profound functional impairment. People with schizophrenia, especially men. 

have significantly reduced reproductive fitness (Vogel 1979; Hutchinson, Bhugra et al. 

1999; McGrath, Hearle et al. 1999). What then, are the evolutionary or selective 

advantages confened by the disease that allow it to persist? Or, if the disease arises de 

novo in certain families, what, if any, is the biological utility of this phenotype? 

Schizophrenia is sornetimes concephialized as part of a spectrum of disorders, 

similar in outward appearance, but distinguished by degree of severity. Schizoaffective 

disorder and schizophrenia are the most severe. delusional disorder and paraphrenia are 

next, followed by schizotypai, paranoid and schizoid personality disorders (Lichtermann, 

Karbe et al. 2000). The genetic risk of schizophrenia is increased in relatives of people 

with schizophrenia spectrum disorders. People with schizophrenia spechum disorders 

share some of the biological abnormalities of schizophrenia such as reduced cortical 

volume (Dickey, McCarley et ai. 1999), increased ventricular size and changes in ERP's 

(Cadenhead, Swerdlow et al. 2000) and kctional imaging (Buchsbaurn, Trestman et al. 

1997). 

If traits associated with schizophrenia confer some selective advantage, then one 

would expect to find increased reproductive h e s s  in the non-schizophrenic relatives of 

schizophrenic patients, and in the milder schizophrenia spectrum disordea. 

Unfortunately. no studies directly exarnining fertility rates in schizotypal or schizoid 

personaiity disorders were found. However, a recent study of 100 schizophrenic patients 



and thtir extendeci faniifies connmis drat feniiity is indeed increased in the parents and 

siblings of patients with schizophrenia (Srhivasan and Padrnavati 1997). This 

phenornenon could account for the persistence of the vulnerability genes for 

schizophrenia in spite of decreased fertility in patients themselves. In fact some studies 

find that although men with schizophrenia are less likely to be mmied, their fertility rate 

is normal (Modrzewska 1980; Lane, Byrne et al. 1995). However, these fertility patterns 

are in the context of the generai trend for lower socioeconomic groups to have more 

children (van Balen. Verdurmen et ai. 1997; Nath, Land et al. 1999). Because patients 

with schizophrenia tend to have a lower socioeconomic statu (Aro. Aro et al. 1995). 

decreased fertility because of the illness rnay be compensated for. by increases due their 

socioeconomic group. As well, contemporary studies of human fertility and fecundity 

patterns are influenced by much more than biological fitness. The socio-economic 

determinants of fertility may obscure the effects of complex genetic traits. 

8.5 Future Ekperiments 

Experiments that build directly upon the findings in this thesis are currently 

underway. The positive genetic association results with 14-3-3 raise the question of how 

a polymorphism in the 5' untranslated region would affect gene expression levels. To 

address this question the promoter polymorphism in 14-3-3 promoter region identified by 

Bell et al. (Bell, Munro et al. 2000) is being genotyped in the sarne patient sarnples. and 

will be subject to genetic association andysis. Haplotype anaiysis of a group of closely 

spaced markers around the 14-3-3 gene on chromosome 22 is aiso in progress. and 

preiiminary resdts indicate that a haplo type containhg the 1 4-3 -3 ,5  hntranslated region 



pofymorphism is dso M e d  tu schizophrenia. Some of the candidate genes identified, 

such as the PTHrP receptor (Heishi, Tazawa et al. 2000) and the Ampd3 gene (Yamada, 

Goto et al. 2001), have known polyrnorphisms, and thex genes can aiso be genotyped 

and analysed for association with schizophrenia. The optimization of the Van9 1 1 WLP 

detection protocol in the PTHrP gene is already undenvay. 

The mitochondnal genes identified, that are coded for by genomic DNA may be 

studied in the same way as these other genes, but testing mitochondrial genome genes 

require patient samples which are not available at our facility at present. Many EST'S 

were identified in the rnicroarrays. and another area of f i e r  research will involve 

attempts at cloning and characterizing these unknown genes. This may well have 

implications outside the scope of schizophrenia genetics, but may be significant in 

understanding more of the neurobiology of the abnormal rat behaviours seen in the VH 

lesion model. More nt microanay blots are available, and will continue to be available 

until the entire rat genome is represented. More human gene microarrays are also 

becoming available, permitting further screening with the same cDNA probes used in 

chapter 5.  

The different changes in gene expression in the VH lesioned rats compared with 

the sharn-lesioned rats afier haioperidol treatment, have potential implications for 

understanding the mechanism of antipsychotic action. The VH-lesion rat or other animal 

schizophrenia models such as chronic PCP exposure, may be useful rnodels to explore the 

eRects of neuroleptics on gene expression. Experiments such as these might identifi 

candidate genes for phannacogenetic studies in schizophrenia. Genes that modulate 

antipsychotic response, or that mediate different responses to various antipsychotics or 



entips)chotic types may b+ useW in prçdicting fesponse or side-effem in patiems whh 

schizophrenia. A proposa1 is curreiitly in preparation to work with an NIMH-sponsored 

multi-centre antipsychotic study. on this topic. 

Animal models that share the histological pathology of schizophrenia do not yet 

exist, but several gene pathways that affect cortical development and larninar 

organization may be a starting point for more accurate schizophrenia models. Reelin 

knock-out mice have disrupted cortical cytoarchitecture, likely due to the gene effects on 

the structure of the cortical plate (Bar, Lambert de Rouvroit et al. 2000). In the normal 

'inside-out' pattern of mammalian cortical development, younger neurons migrate past 

older neurons that have settled in the deeper cortical layers. The younger are neurons 

nomally destined for the more superficial cortical layea. Reelin is secreted by marginal 

zone cells and acts in concert with a number of other genes to ensure normal cortical 

development. ReeIin binds to lipoprotein receptors VLDLR and ApoER2, that have 

intracellular domains that dock with Dabl. Dabl is a tyrosine kinase adaptor expressed 

by cortical plate neurons that mediates the effects of reelin (Bar. Lambert de Rouvroit et 

al. 2000). A reduction in ReeIin irnmunoreactivity and expression has been reported in 

the hippocampus of schizophrenic patients (Impagnatiello, Guidotti et al. 1998; Fatemi. 

Earie et ai. 2000). E m 2  is a homeobox gene that affects Reelin signaling. and 

hornozygous E d  deletion results in lamination defects in the neocortex, and severely 

irnpaired radial migration of neurons (Mallamaci, Mercurio et al. 2000). 

Another system of genes that could be used as a basis for animal models of 

schizophrenia, control axon guidance, and include the EnuNASP, EVL (EnaNASP-like 

protein) and the dit, Robo, Abl (Abelson) and Eno (Enabled) gene families (Machesky 



2000). nie EnalVASP proteins affect the speect of migrati~g ceils through facititating 

actin polymerization in the cytoskeleton and by restricting ce11 translocation (Bear, 

Loureiro et al. 2000). Robo appears to hinction as a receptor for slit proteins, and has 

intracellular Abl and Ena binding sites. Abl inhibits Robo, while Ena acts as a Robo 

effector protein. A complex set of interactions between EVL and multiple ligands and 

various regulatory kinases also affects actin polymerization and therefore c m  influence 

neuron migration (Lambrechts, Kwiatkowski et ai. 2000). Both the reelin and the 

EnaNASP genes rnay be candidates for schizophrenia genetics studies, but their 

influence on cortical development is especially relevant to the cytoarchitectural 

abnormdities in schizophrenia. Studying gene expression in these genetic animai modeis 

rnay identiS, other candidate genes that build on and extend the work with the VH-lesion 

rats. These genetic models rnay also prove useful in undentanding the mechanisms of 

cortical development that rnay be disturbed in schizophrenia. 

As progress in genomics, proteomics and associaied bioinformatic technologies 

continues, new approaches to understanding the pathophysiology of complex diseases 

like schizophrenia are becoming available (Husi and Grant 2001). The cDNA 

microarrays used in Chapter 5, contain an incomplete set of rat and human genes. So, 

there rnay be more candidate genes that will be identified with a compiete screening of 

the human and rat genomes. A more fundamentai change in experimental strategy would 

include studying not only changes in gene and protein expression, but in exploring the 

regdation of this altered expression. The differential expression of the candidate genes 

identified in this thesis rnay not be related to abnormalities in the genes themselves, but in 

other processes that regulate gene expression, including protein interactions. Unraveling 



this intricate system is one of the tasks of modem murostience, a task that high 

throughput protein-interaction analysis may greatly accelerate. 
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List of rnitochondnal genes that comprise the gene cluster used in the microarray 
analysis. Abbreviation: NGEP=nuclear gene encoding mitochondrial protein. 

Rat mitochondrial propionyl-CoA carboxylase (PCCase) beta-subunit mRNA 
Rattus rattus mitochondrial IF1 protein mRNA 
Rattus norvegicus cyclophilin D rnRNA. 
Rat CoxVa mRNA for rnitochondrial cytochrome c oxidase subunit Va 
Rattus norvegicus mitochondrial intermediate peptidase (MIP) mRNA 
Rattus nonregicus stress-inducible chaperone mt-GrpE#l, NGEMP 
Rat mRNA for mitochondrial processing protease P52, partial sequence 
Rattus norvegicus outer mitochondrial membrane receptor rTOM20 mRNA 
Rat mitochondrial acetoacetyl-CoA thiolase mRNA 
Rat mRNA for Iiver mitochondrial aldehyde dehydrogenase 
Rat sn-giycerol-3-phosp ha te acyltransferase (GPAT) rnRNA, NGEMP 
Rat mitochondrial protonlphosphate symporter mRNA 
Rat mRNA, mitochondnal long-chain 3-hydroxyacyl-CoA dehydrogenase a-subunit 
Rat mitochondrial fumarase mRNA 
Rat mRNA for mitochondrial enoyl-CoA hydratase (EC 4.2.1.1 7) 
Rat mitochondrial succinyl-CoA synthetase alpha subunit (cytoplasrnic precursor) mRNA 
Rattus norvegicus F1-ATPase epsilon subunit mRNA, NGEMP 
Rattus norvegicus thioredoxin mRNA, NGEMP 
Rattus norvegicus nuclear-encoded rnitochondrial elongation factor G mRNA 
Rat mitochondrial camitine palmitoyltransferase Il (CPT II) mRNA 
Rattus norvegicus mRNA for mitochondrial dicarboxylate carrier 
Rat mRNA for mitochondrial 3-2trans-enoyl-CoA isomerase 
Rat mRNA for mitochondrial malate dehydrogenase (EC 1.1.1 37)  
Rat mRNA for mitochondrial long-chah 3-ketoacyl-CoA thiolase beta-subunit 
Rat rnitochondrial ATP synthase beta subunit mRNA 
Rattus nonregicus heart branched chain aminotransferase precursor (BCATm) mRNA 
Rattus norvegicus mitochondrial aspartate aminotransferase rnRNA 
R.norvegicus mRNA for coupling factor 6 of mitochondrial ATP synthase complex 
Rattus norvegicus mRNA for subunit d of mitochondnal H-ATP synthase 
Rat mitochondrial 3-hydroxy-3-methylglutaryl-CoA synthase mRNA 
Homo sapiens mRNA for COX7RP 
Homo sapiens COX17 mRNA 
Homo sapiens COX4AL mRNA 
Homo sapiens NADH:ubiquinone oxidoreductase 18 kDa IP subunit mRNA 
lsocitrate dehydrogenase 2 (NAOP+), mitochondrial 
Homo sapiens mitochondnal camitine palmitoyltransferase 1 mRNA 
aconitase 2, rnitochondrial 
GIycerol-%phosphate dehydrogenase 2 (mitochondrial) 
Transcription factor 6-like 1 (rnitochondrial transcription factor l-like) 
H.sapiens mRNA for elongations factor Tu-mitochondrial 
Human mitochondrial RNA polymerase mRNA, NGEMP 
Homo sapiens mRNA for mitochondrial ribosomal protein S12 
Human mitochondrial2,4-dienoyl-CoA reductase mRNA 



Human mitachon~t  DNA potymerase accesmy subunit precursor (MtPof B) mRNA 
Carbamoyl-phosphate syn thetase 1, mitochondrial 
Human mitochondrial intermediate peptidase precursor (MIPEP) mRNA 
Human mitochondrial creatine kinase (CKMT) gene 
Glycerol-3-phosphate dehydrogenase 2 (mitochondrial) 
Human HS1 binding protein HAX-1 mRNA, NGEMP 
Human mitochondrial ADPJADT translocator mRNA 



APPENDEX fI  

This is a reprint of work done earlier in PhD training, not directly related to the 

main thesis project. However this work is related to schizophrenia animal models and to 

the dopamine system, which is the main target of existing antipsychotic medications. 

This article is reprinted from: Neuroscience Letters, 410, Albert Hung Choy 

Wong, Mark G.L. Knapp, and Hubert H.M. Van Tol. Dopamine receptor gene transfer 

into rat striatum using a recombinant adenoviral vector: rotational behaviour, 13 5- 1 38. 

Copyright 2000, with permission fiom Elsevier Science. 
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To study the role of dopamine (DA) receptor expression on dopamine-mediated rotational behaviour, adenovirus 
expressing the lacZ reporter gene (AdCMVLacZ) or D2R expressing adenoviral vector (AdRSVD2) viruses, mediating 
expression of pgalactosidase and DAD2 receptors, respectively, were microinjected stereotactically into Sprague- 
Dawley rat striatum. Apomorphine stimulated rotational behaviour was measured in rats unilaterally injected with either 
AdCMVLacZ orAdRSVD2. No significant difference in rotational direction was observed until day 14 post-injection, when 
animals showed a tendency to rotate away from the injected side. Our data indicate that unilateral changes in receptor 
density mediated by a non-cal1 type selective adenoviral vector results in minor changes in rotational behavior. This 
suggests that supersensitivity in dopamine receptor signaling, rather than receptor levels per se, are the major factor in 
determining rotational response with dopamine agonist stimulation in unilaterat striatal dopamine depleted animals. 
Q 2000 Elsevier Science lreland Ltd. All rights reserved. 

Keyworûs Recombinant adenovirus; Dopamine receptors; Rotation; Behaviour; Apomorphine; Striatum 

The dopamine (DA) system plays an important role in the 
pathophysiology of Parkinson's and Huntington's disease, 
and the dopamine receptor is the only neuroreceptor consis- 
tently implicated in the therapcutic treatment of psychosis 
as  secn in schizophrenia. Most antipsychotic h g s  block the 
dopamine D2 receptor (D2R) with an affinity that is corre- 
latcd wiîh their cl in id  effect [3,19). These observations 
have led to the suggestion that the psychosis seen in schizo- 
p h n i a  is rclated to an overactive dopamine system, and 
the= art some reports of increiised D2R levels in schizo- 
phrcnics [3,20,27]. The development of an animal mode1 
that facilitates the study of the behavioral and biochemicd 
changes multing from increased dopamine teceptor levels 
is of vital importance to understanding the basis of the anti- 
psyc hotic action of neunileptics. Agonists and antagonists 
that have high affinity for these receptor subtypes might 
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mimic changes in the levels of these receptors, but such 
cornpounds are not yet generally available. 

Rotational behaviour in d e n t s  has ken  studied in the 
context of lesions in the striatum and the substantia nigra. 
6-Hydroxydopamine ( W H D A )  lesions cause degeneration 
of the nigrostriata1 dopamine pathway, and result in a si p i f -  
icant Laterality of rotation towards the Iesioned sidt sponta- 
neously. and with amphetamine stimulation. Apomorphine 
stimuIation, in contrast, induces contralateral rotational 
preference [SI. Mild smatal dopamine D2 receptor @if- 
eration occurs in response to the Iesion (2040%), and other 
authors have questioned whether this upregulation is suffi- 
cient to account for the changes in rotational behaviour [Il]. 
Using a pharmacoIogica1 dose-response approach, and 
quantitative madeling of the biochemical and behaviod 
data, Mande1 et al. [l I ]  concluded that simple upregulation 
of D2 receptors is unlike1y to account for supersensitization 
as rneasured by rotationai behaviour. 
To date, there has been onIy one published report of the 

behaviorai changes induced by modifying dopamine recep- 
tor expression with viral genc cransfer technology [Z]. 
Those authors reported a marked lateraiity in rotational 
behaviour 3 and 7 days after injecang the sniatum of Spra- 

0306394(1100/s - see front matter O 2000 Elsevier Science lreland Ltd. Al1 rights reserved. 
Plk S0304-3940(00)0? 402-6 II-2 
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gue-Dawley (SD) rats with an adenoviral (Ad) vector 
containhg the rat dopamine D2 cDNA with the cytomega- 
lovims (CMV) immediate early promotor. The expression 
of D2 receptors as measured by autoradiography was 
increased by >40% 3-5 days after injection and declined 
to 2096 above baseline 7-14 days after injection. They 
reportcd the net nurnber of right vs. left rotations and 
found that injected animais had approximately 100 net rota- 
tions away h m  the AdD2 injected side. The contralateral 
striatum was injectcd with control Ad expressing die 
f3-galactosidase gene. These data suggest that, in contrast 
to Mandel et al. [ 1 1 j and Dunnett et al. 151, simple D2 
rcceptor upregulation may be suficient induce rotational 
laterality. In out smdy we use a direct approach to the 
manipulation of the DA system to address the question of 
whether simple upregulation of D2 receptors is sufficient to 
account for the latentity in rotational behaviour following 
unilateral 6-OHDA lesions. 

The construction of the D2R expressing adenovin1 vector 
(AdRSVD2) has been dcscribed previously hy us (9). The 
adenovinis expressing the lac2 reporter gene ( AdCMVLacZ) 
was obtained h m  Dr Frank Graham (McMaster University, 
Hamilton, Canada). Microinjection was performed using 
standard stenotactic neurosurgical procedures, under 
anesthesia with a single injection of Na pentobarbital 
(55 mgkg i.p.), and buprenorphine (0.01-0.05 mgkg). 
Each injection conristed of 10' plaque-fonning units in a 
single injection of 1 pl over a 5 min interval to minimize 
tissue damage - using an automated delivcry system. The 
needle was then withdrawn sIowly over 30 s, and the skull 
defect filled with bone wax. The scalp was closed with 5.0 
proline sutures, and the animals ailowed to recover for 2 4  h 
before king r emed  to their cages. Throughout the proce- 
dure they wen kept wann under surgical towels. 

The study of rotational behaviour involved 12 SD rats 
(300-325 g) receiving right-sided unilateral injections of 
either AdCMVLacZ, or AdRSVD2. As we have nported 
prcviously (91, injection with AdRSVD2, but not 
AdCMVLacZ, rcsults in a consistent 20-304 increase in 
striatal D2R expression, not necessarily confined to the 
nturons that nomally express the D2R. Thece were six 
animals in each group. After recovering from the surgery, 
the animals were acclimatized to the Rotorat apparatus 
(Med Associates inc., St. Albans, VT) for 1 h daily. On 
days 3, 7 and 14 afkr adenoviraI injection, the animals 
werc given 0.1 mgkg (i.p.), doses of apomorphine and 
placd in the rotorat apparatus. Rotational behaviour was 
recordcd automatically by tegistering centripetal movement 
of a flexible shafi comected to a jacket fitted to the thorax. 
Angular displacements of p a t e r  than 45" were recorded 
directly into computer memory over the 1-h observation 
petid 

Unilaterd injection of AdRSVD2 or AdCMVLacZ into 
the striatum resulted in no significant changes in rotational 
behavior for both groups of animals on either &y 3.7 or 14 
pst-injection, using analysis of variance (ANOVA) (Fig. 

Fig. 1. Rotational behaviour foltowing right unilateral CPu injec- 
tion of either Ad02 or Adseta viruses, expressed as a ratio of 
complete left vs. right or right vs. left rotations. 

1). When the data are expressed as absolute numben of net 
rotations, (Le. right minus left complete rotations), only &y 
14 diffcrences betwcen the A d C W c Z  and AdRSVD2 
groups displayed a trend to a differcnce in the absolute 
number of rotations (r-test P < 0.05) as seen in Fig. 2. 
The direction of rotation - contralateral to the AdRSVD2 
injected side - was consistent with the expected cffcct of a 
unilateral increase in dopamine receptor expression. 
However, when the data arc analyzed as a ratio of left 
over right rotation (complete 360' tum), the cffects are 
very small (<10%) and are not significantly different 
between the two groups. 

The rote of the dopaminergic nigm-suiatal system in 
controlling locomotor activity has k e n  well documented. 
and is explicitly visible in Parkinson's disease and in the 
extrapyramidal side-effects induccd by neuroleptic medica- 
tion. Asymrneuical manipulation of the nigro-striatal 
system in rodent models, with unilaterai 6-OHDA substan- 
tia nigral tesions, striatal lesions. or pharmacologicd D2 
nceptor blodtade rcsults in asymmetrical rotational loco- 
motion. Mer  dopamine agonist stimulation, 6-OHDA 
lesioned animds tend to rotate contralateral to the tesioncd 
side, suggesting that dopamine supersensitivity contributes 
to this effect. Dopamine supersensitivity may be mediated 
by the observed receptor upregulation on the lesioned side 
and increased eficacy of receptor-mediated signding. It is 
unknown which of these two effects conmbute more signif- 
icantly to the observed rotational asymrnetry aftcr 6-OHDA 

Fig. 2 Rotational behaviour followl'ng right unilateral CPu injec- 
tion of either M D 2  or AdBeta viruses, exp-d as net number 
of clockwise minus counterclockwise rotations. 
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1. Introduction 

The phannacogenomics of dopamine reccptors is a 
broad area of research that straddles the boundaries of 
several biological disciplines. The dopamine system is 
involved in motor control, endocrine function, reward and 
cognition. Disruption or manipulation of this system can 
cause symptoms and signs similar to those seen with 
Parkinson's disease, schizophrenia, Alzheimer's disease, 
and Huntington's chorea Dopamine receptors are the tar- 
get of drugs used to est psychosis, Tourette s y n h m e ,  
and attention deficit hyperactivity disorder. In addition, 
drugs of abuse Iike cocaine and amphetamine are powerfiil 
dopaminergic stimulants. Thus, understanding the pharma- 

Corrtspondiag d r .  Centn: for Addiction and Mental Heaith, 
Cl& Division, 250 CoUegc S a t t ,  Toronto. ON, Canada MSf IR8. 
Tel.: +l-41&9794661; h: +1416-979-4663. 

E-1 addms: aiknwon@utoronto.ca (AH.C. Wong). 

cogenetics of dopamine receptors may have implications 
for the thenpeutic effects, abuse potential, and side effects 
of these dntgs. 

Polymorphisms in dopamine receptor genes aIso have 
the potential ta affect susceptibility to disease, or to affect 
individual patients' response to a therapeutic agent. Partly 
because of the involvement of the dopamine system in 
Parkinson's disease, and in the matment of schizophrenia 
with neuroleptics, much of the work has focussed on 
exploring possible associations between receptor polymor- 
phisms and neuropsychiatrie diseases. Comparatively little 
work has been devoted to the study of the phmacological 
fùnction of Rceptor polymorphisms. in reviewing the 
polymorphisms in the various dopamine receptor genes, 
we will discuss the mutations or polymorphisms that affect 
the structure or fiinction of the receptor, and those that are 
merely genetic markers. We will attempt to cover the 
literature in d l  these areas in this review, recognising that 
the various topics may be of interest to distinct groups of 
feaders. For clarity, each dopamine receptor gene is de- 
picted in a diagram that illustrates the relationship of each 
polymorphism to the others, and the variants that are 



Table I 
Ddpamim rcceptor polymorphisms and genc function 

Author Y car Polymorphisms P henotypc 

Dopominr DI recepror 
Cichon a ai. 1 999 Polymorphisms in 5' pmrnoter rcgion Schizophrcnia/bipo lar disease 
Liu cc al. 1995 -48 A/G; 198 G/A; 1263 G/A Schimphrcnia/alcoholism 

Dopamine D2 recepror 
Arinami et al. 
Ban et al. 
Cravchik a al. 
Finckh et al. 
G jman et al. 
Gelmiter et al. 
Hiwmann 
Itokawa et al. 
Joncs a al. 
Jones ct al. 
Soiuson et iû. 
Kidd et al. 
Lamilc et al. 
Senoglcs et al. 

- 141C Insmion/klction and A24 IG 
Taq 1 h 
Pro3"Ser and ~ e r " ' ~ y s  
Taql Al and SerJ"~ys  
Single stranded conformational anaiysis 
- 13 l C Insmion/Deletion 
rcview of studies on functional mutations 
ser " ' cyo 
Taq 1 A + B k o  1 
Taq 1 A + B Ne01 
- I4IC(MS). Ta91 AI, STRP 
Taql h + B + D;SCRP 
fails 10 nprodwe fhe finding of knsson 
D2W AND DXL) isoforms 

rcccptor density 
population study 
G-pmtcin activation 
Linkage/haplotypes 
Alcoholism 
population study 
rcccpror density 
Schizophrcnia 
Inmgenic Evolution 
intragcnic Evolution 
rcceptor dmity 
Linkage/haplotypes 
meptot density 
Adcnyldtc cyclax activation 

Dopamine D3 mepror 
Cracq ct al. 1996 Bai l/iCIsp 1 population study 
Gelemur a al. 1998 Bal 1 population study 
Lwibtrom ct al. 1996 SERqGLY (Bal11 rcceptor affinity for dopamine 
Sivagnanasundatam et al. 2000 3 SNP's identified in 5' flanking mgion Schizophrcnia 

Dopamine 0.4 receptor 
A s g h  et al. 1994 VWR.3"' cytoplasmic lwp 
Asghan et al. 1995 V N R 3 *  cytoplmic lwp 
Jovanovic a al. 1 999 VNTR.3"' cytoptasmic lwp 
Van TOI et al. 1991 VM'RJd cytoplasmic lwp 
Watts et ai. 1999 04.3 (short) and W.7 (long) 
Zenna et al. 1998 12 bp rrpeat in exon 1 

D o p i n e  D5 mccptor 
Beiihlag et al. 1996 (TC113 in promotet 
Cravchik a 81. 1 999 k n " ' ~ s p  and  eu" Phe 
Sakll et al. 1995 Ninc single nuclcotide polymorphisms 

clozapine/spip«one binding 
cyclic AMP tevcb 
rcEcptor phannacoIogy 
clozapine binding 
sensitization to cyclic AMP 
m t o r  phamiacology 

Receptor trarisactivation 
Dopamine binding amnity 
5 muIt in sequencc changes 

associated with fiinctional or pharmacogenetic changes are 
shown in Tables 1 and 2. 

2. Dopamine Dl receptor 

2.1. Dopamine DI receptor gene structure and polyrnor- 
phisms 

The dopamine Dl receptor gene is located at chromo- 
some 5q35.1, and is composed of two exons separated by a 
small intron in the 5' untranslated region (Grandy et al., 
1990; Zhou et al., 1992). It lias multiple transcription start 
sites between - 1061 and - 1040 relative to the fmt ATG, 
and its TATA-tess promotor has features consistent with 
housekeeping and tissue-specific genes (Mouradian et al., 
1993). The main activator region is between - 1342 and 
- 1 102 (Minowa et ai., 1993). The gene contains restric- 
tion fiagrnent l e n a  polymorphisms recognized by EcoRI 

(Grandy et al., 1990), and TaqI (Litt et al., 199 1). Liu et 
al. ( 1995) reported three polymorphisms: - 48 A > G 
substitution in the 5' untranslated region of exon 2, 198 
G > A, and 1263 G > A. Six singlc base pair substitutions 
have been identified in the $'-flanking region of the human 
dopamine D 1 receptor gene: - 22 18T > C, - 2 102 C > A, 
-2030 T > C, - 1992 G > A, and - 1251 G > C (Cichon 
et al., 1996). Four restriction enzyme polymorphisrns were 
identified by Cichon et al., two of which are the same as 
those published by Liu et al.: -94 G > A (BstNI), -48 
A >  G (DdeI), 1263 G > A  (PouIl, and 1403 T> C 
( Bsp 12861) (Cichon et al., 1994a). 

2.2. Dopamine Dl receptor mutations, polymorphism and 
gene fimction 

None of the mutations identified by Liu et al. (1995) are 
associated with a functional amino acid change. Cichon et 
al. (1996) screened the 5'-regulatory region of the human 
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Table 2 
Dopamine rmptor phrumacogcnctia 

Author Year Polymorphism Phenotype Dmg/side e f k t  Outcorne 

Dopamine D2 receptor 
Mihara et al. 2000 
Semai et al. 1 999 
Suzuki et d. 7000 

üopomine 0 3  Recepror 
Basile et al. 1 999 
Malhotra et al. 1998 
Rierschel et al. 1993 
Scharfcner et al. 1999 
Shaikh et ai. 1996 
Steen ct al. 1997 

Dopnine 04 Repror 
Cohen et al. 1999 

Hwu et al. 1998 
Kohn et al. 1997 
Rao a ai. 1 994 
Rietschcl et al. 1 996 
Semrti et al. 1 999 
Shiiikh et ai. 1993 
Sbailch et ai. 1995 

Toqt AI 
~er ' "  Cys 
Tuql A l  

~ l y ~  allek Cily9-~iy hornozygosity 
Gly9 ailele of Bull polymorphism 
~ l y '  allele ~ l y ~ - ~ l y  hornozygosity 
Gly9 altele of Bol 1 polymorphism 
~ l y '  allele of Bal 1 polymorphism 
Giy9 iûtele Gly9-Gly9 hornozygosity 

M.7 (long allelc of VNTR) 

D4.7 (long allelc of VNTR) 
VN?R.3"1 cytoplasrnic loop 
12 bp rrpcat, exon 1 
VNTR~* cytoplasrnic loop 
VPJTR.3* cytoplnsrnic loop 
~ ~ ~ 1 1 3 ~  cytoplasrnic loop 

Schizophrenia 
Mood disorders 
Schizophrenja 

Schizophrmia 
Sc hitop hmia 
Schizophia 
Sc h h p  hmia 
Schizophma 
Schizophrmia 

Schizophrmia 

Schizophrtnia 
Sc hizophrcnia 
Schizophrcnia 
Schizophrmia 
Mood disorciers 
Schixophrtnia 

Hyperpmlactincmia 
Lithium pmphylaxis 
Nemonapride 

Tardive d yskinniia 
Clozapine rrsponsc 
Tadive dyskintsia 
Clozapine mponsc 
Clozapine rtsponsc 
Tardive dyskinesia 

Clo~pinc versas 
Neurolcptic rcsponse 
Ncuroleptic rrsponse 
Clonpinc rcsponse 
Clozapine rcsponse 
Clozapine rcsponse 
Lithium pmphylaxis 
Clozapim rcsponse 

significant 
not signifiant 
significant 

signifiant 
not significant 
not significant 
significant 
significant 
significant 

significant 

significant 
not significant 
not signi ficant 
not significant 
not st gni ficant 
not significant 
not significant WTR.3"' cyroplasrnic lwp Schixophrtnia Clozapinc nsponse 

dopamine Dl receptor gene, but none of the polymor- 
phisms wen in rtgions that have an important influence on 
transcriptionai activity. None of the other poIymorphisms 
are associated with demonstrated hctional changes. 

2.3. Dopamine DI receptor and diseuse genetics 

Screening of the 5' untranslated region polymorphisms 
showed that this region of the dopamine Dl receptor gene 
dots not have a major role in risk for either schizophrenia 
or bipolar disorder (Cichon et ai., 1996). This finding was 
confinned by a study on the DdeI polymorphism in the 
5'-untranslated region of the dopamine Dl receptor gene of 
148 schizophrenia patients in Japan. When compared with 
controls, no significant differences in genotypic counts or 
allete fiequencies was found (Kojima et ai., 1999). A 
postmortem study of tissue h m  schizophrenic patients 
found several polymorphisms in the dopamine D 1 receptor 
gene sequence, but none that would alter protein sequence 
(Ohara et al., 1993). Several studies have reported negative 
resuits of linkage or association with bipolar disorder 
(Jensen et ai,, 1992; Nothen et al., 1992) and a lack of 
single strand conformational polymorphisms in patients 
with the disotder (Cichon et ai., 1994b; Shah et al., 1995). 
Genome scans for schizophrenia aüd bipolar disorder have 
identified some areas of interest on chromosome 5, but 
noue of these contain the dopamine Dl receptor gene 
(Crowe and Vieland, 1999). 

Studies examining the codiog region bave lwked for 
association with Tourette's syndrome, alcohol dependence 

(Thompson et al., 19981, and attempted to identiQ muta- 
tions in patients with attention deficit hyperactivity disor- 
der, autism, and alcohoIism (Feng et al., 1998). In only 
one patient was there a mutation that was associated with 
an altered protein sequence, but the above studies found no 
evidence the dopamine D 1 receptor coding region contains 
mutations that are associated with any of the disorders 
mentioned. Analysis of a large kindred excluded close 
linkage of the dopamine D i  receptor gene to Tourette 
syndrome (Gelernter et al., 1993b). Studies of the EcoRl 
(Hietala et al., 19971, and Bsp 1 1286 ( 1403 T > C) poly- 
morphisms (Sander et al., 1995) have not show any 
association with alcoholism, but others have reported that 
there is an association between homozygosity at the Ddef 
polymorphism and subjects with compulsive, addictive 
behaviours (Comings et al., 1997). Markers close to the 
dopamine DI receptor gene have been reported to be 
associated with interindividual variation in systolic blood 
pressure (Knishkal et al., 1998). 

2.4. Dopamine Di receptor phannacogenetics 

From a pharmacogenetic perspective the dopamine Dl 
receptor is currently of limited interest since there is no 
established relationship between any dopaminergic dnig 
therapy and this receptor. Because the dopamine Dl recep- 
tor may modulate aspects of cognition (Williams and 
Goidman-Rakic, 1995) and may influence Parkinson's dis- 
esse symptoms, these areas could be explored in fùture 
research. However, such studies may be futile in the 
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absence of convincing evidence that polymorphisrns or 
mutations in the dopamine Dl receptor gene alter the 
biological activity or pharmacological profile of the recep 
tor. 

3. Dopamine D2 receptor 

3.1. Dopamine D2 receptor gene structure and polymor- 
phisms 

The human dopamine D2 receptor gene is located on 
chromosome 1 lq22-23, and consists of eight exons sepa- 
rated by seven intmns (Grandy et al., 1989a,b). Alternative 
splicing of a 29 amino acid sequence in the third cytoplas- 
mic loop rtsdts in two f o m  of the receptor D2, (long) 
and D2, (short) (Da1 Toso et ai., 1989; Gros et al., 1989; 
Grandy et al., 1989b; Monsma et al., 1989). Several 
polymorphisrns were identified shortly after the gene was 
cloned, thrce of which are Taq 1 restriction fragment length 
polymorphisms. n i e  first, termed TuqI A, is in thc 3' 
flanking region, 10 kilobases h m  the eighth exon, the 
second, TaqI B, is located close to the junction between 
the fkst intron and the second exon (Castiglione et al., 
1995; Xauge et al., 199 1 ), and the third, Taql C, is within 
intron 2 (Parsian et al., 1991a). At the TaqI A polymorphic 
site, there appear to be four possible alleles referred to as 
Toql Al-4 (Persico et al., 1993). In addition to a (CAh 
dinucleotide polymorphism within intron 2 (Hauge et al., 
1991 ), thcre exist single nucleotide polymorphisms: a 
2057T insertion at a BsoFI restriction site (Poduslo and 
Schwankhaus, 1995), and restriction fragment length poly- 
morphimis HphI (G > Tl in inûon 6, NcoI(3 13C > T) in 
exon 7 (Sarkar et al., 1991), and an A > G substitution 52 
base pairs downstream front the stop codon in exon 8 
(Finckh et al., 1997). Using the polymerase chain reaction 
and nondenaturing gel electrophoresis, a single strand con- 
formational polymorphism (SSCP) has been found in exon 
8 (BoIos et aI., 1990). 

3.2. Dopamine DZ receptor mutaii011~. polymorphisms and 
gene finction 

Changes in the bc t ion  of the dopamine D2 receptor 
are seen with some of these polyrnorphisms. Three poly- 
morphisms result in amino acid ~bstitutiow: ~ a l % ~ l a ,  
Ro310ser, and a C to G substitution that results in a serine 
to cysteine change at amino acid 3 1 1 ( sa3 '  ' Cys) (Gejrnan 
et al., 1994; Itokawa et al., 1993; Jones and Peroutka, 
1998). Two of the polymorphisms, ~ro"'Ser and 
Ser3"Cys, are located in the ttiird cytoplasmic Ioop, and 
the more conmon pro3" and Ser3" variants are substan- 
tiai1y more effective in inhibiting CAMP sphesis. Al1 
variants however, are functiondy active in Chinese ham- 
ster ovary cetls (Cravchik et al., 1996). Two single base 

pair mutations -241A > G, and - 141C ins/deI are within 
the promoter region. The - 141C del allele dismpts a 
BstNl restriction enzyme site, and produces lower expres- 
sion levels of the dopamine 0 2  receptor in Y-79 and 
hurnan embryonic kidney (HEK) 293 cells (Arinami et al., 
1997). Striatal dopamine D2 receptor density is incrcased 
in individuals with the - 14 1 C del promoter variant (Jons- 
son et al., 1999a), and is reduced with the Taql Al allele 
(Pohjalainen et al., 1998; Thompson et al., 19971, but 
contradictory results have also been found (Lamelle et al., 
1998). There is considerable variation in levels of dopamine 
D2 receptor expression between individuals that may not 
be related to polymorphisms in the gene or promoter 
region (Hitzemann, 1998). 

Thcre is also considerable variation in the distribution 
of the TaqI Al allele in differcnt ethic and racial popula- 
tions (Barr and Kidd, 1993), as well as for other polyrnor- 
phisms (Gelemter et al., 1998). Overall, haplotype fie- 
quencies, and linkage disequilibrium between some of 
these polymorphisms also varies in different geographic 
regions and populations. Tne least linkage disequilibrium 
is found in African populations, followed by European, 
and then Asian and Amerindian populations (KidJ et al., 
1998). Some of these polyrnerphic alleles are commonly 
found together in a lirnited number of haplotypes of the 
dopamine D2 receptor gene (Jones and Peroutka, 19981, 
while others, like the TaqI Al and cys3" are part of 
different haplotype groups (Finckh et al., 1996). 

3.3. Dopamine D2 receptor and diseuse genetics 

ï h e  rnajority of the literature dealing with phenotypic 
differences related to dopamine D2 receptor gene polymor- 
phisrns is relatcd to alcohol and other substance abuse. 
First noted by Blum et al. (1990), the TaqI Al association 
with alcoholism and the severity of alcoholism has k e n  
supported by many other case-control studies (Amadeo et 
al., 1993; Arinami et al., 1993; Cornings et al., 1991; 
Hietaia et al., 1997; bhigun, et al., 1998; Neiswanger et 
al., 199Sa), a meta-analysis (Pato et al., 1993), and has 
k e n  noted in early onset alcoholisrn (Kono et al., 1997). 
Other dopamine D2 receptor gene variants have dso been 
associated with aIcoholism: TaqI B 1 (Blum et al., 19931, 
cys3" allele (Higuchi et al., 19941, and the - 141C 
insertion allele (Ishiguro et al., 1998). Many other case- 
control studies have failed to replicate these fuidings (Chen 
et al., 1996, 1997c; Cook et al., 1996; Cruz et al., 1995; 
Edenberg et al., 1998; Gejrnan et al., 1994; Gelernter and 
Kranzler, 1999; Gelemter et al., 1991; Lu et al., 1996; 
Sander et al., 1999; Suarez et al., 1994) and no family 
based association and linkage studies have confirmed this 
association (Bolos et al., 1990; Neiswanger et ai., 19951; 
Parsian et al., 1991b). %me of these negative studies 
reportai associations with other clinical outcornes in alco- 
holic patients (Finckh et al., 1997). One group found that 
the TaqI Al aüele was associated with signifiwntly tower 
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[3~lna10xone binding in the caudate nucleus of post- 
mortem tissue h m  both alcoholics and non-alcoholic 
controls (Ritchie and Noble, 1996). 

Findings with patients dependent on, o r  abusing other 
substances have been similarly inconsistent. The Taql A1 
allele has been found to be associated with cocaine depen- 
dence (Noble et al., 19931, substance abuse (Comings et 
al., 1994; Goldman et al., 1997; Noble, 1994; Smith et ai., 
1992; Uhl et al., 19921, psychostimulant-prefemng poly- 
substance abusers (Persico et al., 19961, smoking in the 
prcsence of reduced P300 amplitudes (Anokhin et al., 
1999) and substance abuse in white Americans (O'Hara et 
al., 1993). However, a population (Singleton et al., 19981, 
and a family study of habitua1 smoking and the TaqI Al 
alfelc found no association (Bierut et al., 20001, nor was 
the finding of an association with cocaine dependence 
replicated in European- and Afncan-Americans (Gelernter 
et al., 1999a). Negative reports in African-American popu- 
lations have also been published (Berrettini and Persico, 
1996; O'Hara et al., 1993). Furthemore, comorbid psy- 
chopathology in incarcerated substance abusers was not 
associated with TaqI A or TaqI B frequencies (Smith et 
al., 1993). 

These opposing findings have spawned a debate about 
the methodology used in these studies and in psychiatrie 
and pharmacoIogical genetics in general. The diversity of 
genotypes for the dopamine D2 receptor pol ymorp hisms 
both within and between populations of Afîican, Europcan, 
Asian and 0th- racial groups has prompted some to 
suggest the use of haplotypes and other methods to com- 
pensate for the problern of finding appropriately matched 
control groups (Kidd et al., 1996). Factors that rnay con- 
found the findings with respect to alcoholism and the 
dopamine D2 receptor gene (and are applicable to many of 
the findiags discussed throughout this review) include 
population stratification (UhI et ai., 1993), and the clinical 
hetmgeneity of alcoholism and other neuropsychiatric 
phenotypes (Gelernter et al., 1993a). The selection of 
patients and controls varies widely, with the result that 
diagnosis, seventy, chronicity and comorbidity are not 
comparable between studies. Even if the hdings are con- 
sidercd to be positive overall, they likely represent a 
susceptibility associated with certain alleles of the 
dopamine D2 receptor gene, one that is modulated by 
environmental (Noble, 1 994) factors and possibly other 
genetic &tors such as the genes controlling the metabolism 
and phannacodynamic effects of alcohol (Li, 2000). 

As with other polygenic diseases or traits, some have 
argued that the application of d e s  designed for single-gene 
disorclers is problematic, and that the disparate findings are 
aot necessarily in conflict (Comings, 1998). [t is difficult 
to know what explanation can unify the various results. ft 
may be that variation in the gene contributes only a small 
increase in risk to alcoholism, so that some studies do not 
have sufficient power to detect the effect. ï h e  selection of 
random vs. non-alcoholic contmls rnay also introduce fùr- 

ther confounding factors, in that non-alcoholic controls 
may exaggerate the difference between the affected and 
control groups (Neiswanger et al., 1995b). Meta-analyses 
of the grouped nsuIts offer some support to this explana- 
tion, but confirmation of a physiologic efTect of the poly- 
morphisms related to alcohol or substance dependence 
may be the most elegant way of resolving these issues. 
Despite the rationale that these disorders may be modu- 
lated by the dopaminergic reward system, no functional 
changes in the dopamine D2 receptor gene have been 
related to the pathophysiology of substance abuse. 

Schizophrenia and bipolar disorder are often treated 
with neurolcptics, whose clinical potency is primarily re- 
lated to dopamine D2 receptor affinity. Thus, the dopamine 
D2 receptor gene has been a candidate for population and 
Iinkage studies in these two disorders. As with the other 
dopamine receptor genes discussed below, no consistent 
findings have emerged. There are positive case-control 
studies showing association between schizophrenia and the 
Cys3" variant (Ainami et al., 1994; Kaneshima et ai., 
19971, and the promoter - 14 1C insertion allele in Japanese 
(Ohara et al., 1998), Swedish (Jonson et al., 1999b) 
populations. In a British population, the - 141C insertion 
allele was associated with schizophrenia (Breen et al., 
1999). No association was found between the Cys"' allele 
( H m o ,  1997; Nanko et al., 1994), the - 14 1C ins/del 
polymorphisrn (Li et al., 1998; Stober et al., 1998; Tal- 
lerico et al., 19991, and the TaqI A polymoqhism (Sanders 
et al., 1993) and schizophrenia in other shidies. Further- 
more, a study examining the sequence of the dopamine D2 
receptor gene region that couples to G-proteins found no 
changes that would alter the protein in schizophrenia (See- 
man et al., 1993). A linkage study with two schizophrenia 
pedigrees has largely excluded the dopamine D2 receptor 
gene as a major candidate (Moises et al., 1991). Studies 
with bipolar disorder and the promoter polymorphism 
(Furlong et ai., 19981, the Ser3"~ys polymorphism (Crad- 
dock et al., 1995), and the TaqI A polymorphism (Kelsoe 
et al., 1993) have becn negative. 

There is a panoply of studies dealing with other pheno- 
types and dopamine D2 receptor pol yrnorphisms. Associa- 
tions have been found with Parkinson's disease (Plante- 
Bordeneuve et al., 1997), idiopathic short stature (Miyake 
et al., 1999), reduced risk of tevodopa-induced dyskinesias 
in Parkinson's disease (Oliveri et al., 1999), prolonged 
P300 latency in children (Noble et ai., 1994) and pro- 
longed P300 latency in a neuropsychiatric population (Blum 
et al., 1994). Positive results have also k e n  published with 
schizoid/avoidant behaviour (Blum et ai., t 9971, psycho- 
logical defense styles (Comings et al., I995), obesity 
(Comings et al., 1993, 1996). brain regional glucose 
metabolism measured by positron emission tomography 
(Noble et al., 19971, reproductive success ( L e p  et al., 
19941, visuospatial performance in children (Berman and 
Noble, 19951, tardive dyskinesia in female schizophrenics 
(Chen et al., t 997b), and migraine with aura (Pmutka et 
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al., 1998). Others have reported no association with post- 
tramatic stress disorder (Gelernter et al., 1999b), obses- 
sive-compulsive disorder (Novelli et al., 19941, Tourette 
syndrome (Nothen et al., 19931, symptoms of attention- 
deficit hyperactivity disorder (Rowe et al., 1999). Parkin- 
son's disease (Pastor et al., 1999). migraine with aura 
(Dichgans et al., 1998). and panic disorder (Crawford et 
al., 1995). 

3.4. Dopamine 0 2  recepror phamacogenerics 

Nemonapride, a selective dopamine D2 receptor antago- 
nist, has been reported to be associated with the Taq Al 
allele and early response to matment in schizophrenic 
patients (SuPiki et al., 2000). The same alMe was also 
associated with higher prolactin elevation in female pa- 
tients, possibly putting this group at higher risk for hyper- 
prolactinemia-rclated side effects (Mihara et al., 2000). 
The association between the Taq Al and antipsychotic 
dmg nsponse needs to be replicated and explored with 
other ncuroleptics. It would be of particular relevance to 
pbaïrrtacogenetics to understand how this polymorphism 
affects the functioning of the dopamine D2 receptor. No 
association between the ser3' ' Cys polymorphism and re- 
sponse to lithium prophylaxis in moad disorders was found 
(Serretti et al., 1999a). Despite extensive studics on the 
polymorphisms in the dopamine D2 receptor gene, there is 
inconsistent evidence of a hnctional change that is related 
to substance abuse. Future research might include cxarnin- 
ing the polymorphisms in relation to drugs of abuse that 
act direcùy on the dopaminergic system such as cocaine 
and amphetamines. 

al., 199a and fifth (Griffon et al., I99G introns, and the 
third cytoplasmic loop (known as D3-208) (Sabate et al., 
1994) of the dopamine D3 receptor gene. Puun digests of 
a portion of the 5'-untranslated region, the sequence con- 
taining the N-terminus and transmembrane domains 1 and 
If (known as D3-Hsac) yield three possible polymorphisms 
known as Pl,  P2 and P3 (Sabate et al., 1994). Ilme single 
nucleotide polymorphisms werc identified in the 768 
base-pair S'-leader region. All are closely Iinked to each 
other, and to the BalI polymorphism (Sivagnanasundaram 
et al., 2000). 

4.2. Dopamine 0 3  recepror mutations, polymorphisms and 
gene function 

The functional importance of polymorphic changes has 
not been examined by many studies, with the exception of 
Lundstrorn et al., who report that the homozygote Ser9Gly 
dopamine D3 receptor variant has a higher affinity for 
dopamine than the heterozygote or the wildtype receptor. 
This was demonstrated using the Semliki Forest virus 
vector to infect Chinese hamster ovary (CHO) cells. No 
signi ficant di fferences in receptor affinity were found for 
other dopamine D3 receptor ligands other than dopamine 
and GR9984 1, a dopamine D3 receptor-selective ligand 
(Lundstrorn and Turpin, 1996). A single nucleotide poly- 
morphisrn within the 5' leader region of the D3 receptor 
gene encodes for a Lys9Gly variant in a 36 arnino acid 
residue of an upstrearn open reading f ime (Sivagnana- 
sundaram et al., 2000). The significance of this small open 
reading frame md the associated polymorphism is not 
known. 

4.3. Dopamine 0 3  receptor and diseuse generics 
4. Dopamine D3 receptor 

4.1. Dopamine 0 3  receptor gene structure and polymor- 
phisms 

The dopamine D3 receptor gene is located on chromo- 
some 3q13.3, and its coding sequence consists of SLK exons 
that are distnbuted over 40,000 base pairs. The complete 
transcript has three shorter variants in which the second 
and/or third exons are deleted. These deletions result in a 
frame shifi that leads to a tnincated protein (Griffon et al., 
1996). There are several commonly studied polymor- 
phisms. ser9ely (BalI/Mscl) is located at amino acid 
position 9 of the N-terminal extracellular domain of the 
receptor. This mutation results in the creation of a BalI 
restriction enzyme site and the alteration of a recognition 
site for MscI that allows for easy detection of the potymor- 
phism after amplification of genomic DNA with the poly- 
merase chah reaction (Crocq et al., 1992). The serg 
variant is referred to as allele 1, and the GIy9 variant is 
identified as allele 2. MspI restriction nuctease digests are 
able to identifL polymorphic sites in the fourth (Crocq et 

Most studies of polymorphisms in the dopamine D3 
receptor gene have explored linkage to schizophrenia, and 
to a lessor extent bipolar disorder or other psychotic 
illnesses. Linkage to other psychiatric diagnoses such as 
substance abuse has ais0 been studied. No consistent find- 
ings of linkage to any psychiatric disotder have been found 
for any genes on chromosome 3 (Nigaonkar, 1998). A 
positive association between homozygosity at the Bal I 
polymorphism and/or the 1 - 1 genotype and schizophrenia 
has been reported in case-control studies (Astierson et al., 
1996; Crocq et ai., 1992; Durany et ai., 1996; Kennedy et 
ai., 1995; Mant et al., 1994; Spurlock et al., 1998) and a 
meta-analysis of case-control studies (Williams et al., 
1998). Another meta-analysis found an excess of homozy- 
gosity at the BalI polymorphism and of the 1 - 1 genotype 
in schizophrenics but only in Afncan and Caucasian groups 
(Dubertret et ai., 1998). Some of these alsa found weaker 
evidence for association between the 1 - 1 genotype and 
schizophrenia Discordant results h m  a casecontrol study 
indicated an association between homozygotes for either 
BalI d e l e  and schizophrenia, and an excess of allele 1 in 
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the schizophrenia group when compared to conerors 
(Nimgaonkar et ai., 1996). Two independent samples were 
studied, but results were not consistent between the two 
groups. One study with a relatively small number of 
subjects (73 with schizophrenia, and 56 rnatched controls), 
found an association bctwern one of the genotypes, in 
which three of the four single nucleotide polymorphisms in 
the 9-leader region differ, and schizophrenia (Sivagnana- 
sundaram et al., 20). In 133 schizophrenia patients, 
allele 1 of the Bol1 polymorphism was reported to be more 
frcquent than in a control group (Shaikh et al., 1996). 
ïhese authors also perfonned a meta-analysis of previ- 
ously published results and concluded that the ser9 allsle 
confemd a small increase in susceptibility to schizophre- 
nia. 

In contrast to the above studies, many more have 
reported negative results of associations studies between 
schizophrenia and the Bal1 polymorphism or homozygos- 
ity at this locus of the dopamine D3 receptor gene in 
case-control studies (Chen et al., 1997a; Di Bella et al., 
1994; Gaitonde et al., 1996; Hawi et al., 1998; Inada et al., 
1995; Jonson et al., 1993; Malhotra et al., 1998; Nanko ct 
al., 1993b; Nothen et al., 1993; Saha et al., 1994; Tanaka 
et al., 1996; Yang et al., 1993). Negative results in linkage 
analysis of pedigrees (Wiese et al., 19931, and in sib-pairs 
using the transmission disequilibrium test (Rothschild et 
al., 1996) have also k e n  reported. Negative results of 
linkage have also bcen reported for the D3-208 and the 
D3-Hsac polymorphisms (Sabate et al., 1994). 

A possible association between bipolar disorder and 
allele 1 of the BalI polymorphism has k e n  published 
(Parsian et al., 19951, but several studies have not repli- 
cated this finding (Piccardi et al., 1997; Rietschel et al., 
1993; Shaikh et al., 1993a). Two groups have examined 
the relationship of dcoholism to the BalI polymorphism 
and fond no association (Gorwood et al., 1995; Higuchi 
et al., 1996), while another reports an association with 
allele 1 (Thome et al., 1999). A srna11 study of 36 patients 
and 38 controis reported an association between unipolar 
depression and dlele 2 of the Bal1 polymorphism (Dikeos 
et al., 1999). A lack of association between the BaII and 
intron 5 Mspl polymorphisms and attention deficit hyper- 
activity disorder has been reported (Barr et ai., 2000). 
There are negative reports of association between the Bali 
polymorphism and polycystic ovarian syndrome (Kahsar- 
Miller et ai., 1999), anorexia nervosa (Bniins-Slot et al., 
1998), Tourette's syndrome (Devor et al., 1 998), heroin 
dependence (Koder et ai., 1 9991, and obsessive-compul- 
sive disorder (Catalane et ai., 1994). There are isolated 
reports of an association of the Bal1 polymorphism with 
novelty seeking in bipolar patients (Staner et al., 1 998), of 
the heterozygous 1-2 genotype with novelty seeking in 
alcohol dependence (Thome et al., 19991, of homozygosity 
with substance abuse in schizophrenia (Krebs et al., 1 998), 
and of homozygosity with opiate dependence (Duaux et 
ai., 1998). Taken together, these disparate findings do not 

present a convincing case that polyrnorphisms in the 
dopamine D3 receptor are related to neuropsychiatrie dis- 
ease. 

4.4. Dopamine 0 3  receptor pharmacogenetics 

Several studies have looked at clozapine response and 
the BalI Ser9Gly mutation. Although two groups (Schar- 
fctter et ai., 1999; Shaikh et al., 1996) find that the ~ l y ~  
allele is associated with significantly greater odds for 
matment response than the Ser9 allele, others (Malhotra et 
al., 1998) do not confirm this. There may be some associa- 
tion of the glycine allele (Basile et al., 19991, or the 
homozygous 2-2 genotype with ncuroieptic-induced tar- 
dive dyskinesia (Steen et ai., 19971, although other studies 
have not been able to replicate this (Rietschel et al., 1993). 
These findings suggest that vulnerability to tardive dyski- 
nesia may be partially influenced by dopamine D3 receptor 
polyrnorphisms. The next step could be to determine if the 
potential of different antipsychotic dmgs to cause tardive 
symptoms is influenced by certain polymorphisms. This 
could then be clinicdly usehl in selecting a matment that 
would be least Iikely to give certain patients these long-term 
sidc etrects. 

5. Dopamine D4 receptor 

5.1. Dopamine 0 4  receptor gene smcture and po[vmor- 
phisms 

The dopamine Dl receptor gene is located on chromo- 
some 1 lp15.5 (Gelernter et al., 1992; Petronis et al., 
19931, and contains a remadcable number of polymorphic 
regions The promoter is located alrnost immediately u p  
stream from the initiation codon, with the region between 
- 59 1 and - 123 relative to the initiation codon mediating 
transcription. A negative modulator is located between 
- 770 and -679 (Kamakura et al., 1997). There is a 
hypervariable region in the third cytoplasmic loop of the 
dopamine D4 receptor gene consisting of 2- 10 imperfect 
48 base pair repeats (Van TOI et al., 1992). By studying 
178 different chromosomes, 19 different repeats were found 
in 25 different hapIotypes that code for 18 dif5erent pre- 
dicted amino acid sequences (Lichter et al., 1993). Two 
other variants have also been identified (Asghati et al.. 
1994; Van Tol et al., 19921, for a total of 27. Variants in 
this polymorphism are usually written as the dopamine 
D4.x receptor, where x represents the number of tepeats. 
The dopamine D4.2, D4.4 and D4.7 receptor alleles occur 
the most fiequently, but there is considerable variation in 
the distribution of alleles depending on ethnicity (Chang et 
al., 1996; Lichter et al., 1993). 

A tandem duplication polymorphism 120 base pairs 
long can be found 1.2 kilobases upstrearn of the initiation 
codon. The duplication sequence contains transcription 
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factor binding sites, and the frequency of the duplication 
allelc varies h m  0.40 to 0.81 in the 11 populations 
studied (Seaman et al., 1999). Further downstream, there 
an 1 1 single nucleotide polymorphisrns: - 12 17G > del 
(Okuyama et al., 2000). - 809G > A, - 768G > A, 
-6 16C > G, - 603T > del, - 6O2G > del, - 6OOG > C, 
-376C > T, -291C > T, - 128G > T (Mitsuyasu ct al., 
19991, - 521C > T (Okuyama et al., 19991, and - 1 1G > 
C (Cichon et al., 1995). There is also a Smal (Petronis et 
al., 1994) and a Pst1 (Paterson et al,, 1996) restriction 
fiagrnent length pofymorphism in the 5' untranslated re- 
gion. There are a variable number of repeated G nu- 
cleotides in the first intron (Barr et al., 19931, with alleles 
containing 6- 10 repeats. Exon 1 contains a 12 base-pair 
insertion-dcletion mutation that codes for a four amino- 
acid sequence in the N-terminal, extra-cellular region 
(Catalano et al., 1993). Exon 1 also contains a 13 base pair 
fiameshifi mutation (Nothen et al., 1994). The first tram- 
membrane ngion contains a 2 1 base pair deletion affecting 
codons 36 to 42 (Cichon et al., 1995). Exon 3 contains a 
single T-G base-pair substitution (an amino acid change 
Val'94Gly), that is found only in Afncans (Seeman et al., 
1994). 

5.2. Dopamine 0 4  receptor mutations. po!vntorphismr and 
gene finction 

There docs not seem to be a simple relationship be- 
tween the Icngth of the third cytoplasrnic loop polymor- 
phism and pharmacological or fùnctional activity (Asghari 
ct al., 1994; Jovanovic et al., 1999). However, the number 
of rcpeats cm affect the pharmacological profile of this 
receptor. The dopamine D4.10 receptor is 2- to 3-fold 
more potent in dopamine-mediated coupling to adenylyl 
cyclase than the dopamine D4.2 receptor (Jovanovic et al., 
1999), and the dopamine D4.4 and D4.2 receptor variants 
arc 2- to 3-fold more potent than the dopamine D4.7 
receptor (Asghari et al., 1995). Differences of the same 
magnitude are found in the affinity of some dopamine D2 
receptor antagonisîs when cornparhg the dopamine D4.2 
receptor and dopamine D4.10 receptor variants (Jovanovic 
et al., 1999). The dopamine D4 receptor variants also show 
differenccs in the sodium sensi tivity of clozaphe binding 
(Asghari et al., 1994; Van TOI et al., 199 il. Some genetic 
studies have pooled subjects on the basis of more or l e s  
repeats in the third cytoplasrnic loop polymorphism. This 
approach is questionable in light of the above findings, 
since there does not appear to be a linear relationship 
between the number of repeat sequences, and the h ç -  

tional activity. Furthermore, there are sequence variations 
in alleles of the same length, which are also overlooked by 
these pooling strategies. Therefore, simply pooling sub- 
jecîs as having a high or low nuniber of dopamine D4.x 
receptor repeats is Iikely to confound resdts if there is 
indeed a fiulctional effect of the polymorphism that influ- 
ences the phenotype. 

Despite some minor differences in affinity for quinpi- 
role and clozapine, no functional differences in receptor 
activation were found with dopamine, epinepherine or 
norepinepherine with variants of the exon 1, single-copy 
12 base-pair repeat (Zenner et al., 1998). The 13 base pair 
frameshifi mutation in exon 1 is predicted to resutt in a 
tmcated, non-fimctional protein. A homoygous individ- 
ual for this mutation has acousticus newinoma, obesity and 
disturbances of the autonornic nervous system (Nothen et 
al., 1994). The exon 3, ~al '~'G1y receptor variant affects 
transmembrane region 5, and is two orders of magnitude 
less sensitive to dopamine, clozapine, and otanzepine. ïhis 
variant is also insensitive to guanine nucleotide, which the 
authors conclude, indicates the absence of a high-afinity 
state or functional state (Liu et al., 1996). An N-terminal 
trancated receptor can be generated through the use of a 
cryptic initiation site in transmembrane region 1. The 
modified receptor is termed the dopamine D4.4hNH2 
receptor, and has a reduced hnctional potency, but it is not 
clear if the variant is found in vivo (Schoots et al., 1996). 

5.3. Dopamine 0 4  receptor and diseose genetics 

Variations in the dopamine D4 receptor sequence have 
been studied in relation to a variety of neuropsychiatnc 
diseases and phenotypes. Following a report of linkage 
between the mon 1, single-copy 12 base-pair repeat (allele 
2). and delusional disorder (Catalano et al., 1993), other 
psychotic illnesses were studied. Studies exarnining the 
possibility that the dopamine D4 receptor gene is associ- 
ated with schizophrenia have yielded a number of negative 
or weak tesults (Barr et al., 1993; Hong et al., 1997, 1998; 
Kohn et ai., 1997; Nanko et al., 1993a; Okuyama et al., 
1999; Petronis et al., 1995; Shaikh et al., 1994; Sommer et 
al., 1993; Tanaka et al., 1995; Tani et al., 19971, and have 
IargeIy excluded this gene as a major candidate for suscep 
tibility to schizophrenia (Macciardi et al., 1994). One study 
that found results suggestive of linkage between the 48 
base-pair polymorphism and schizophrenia, found no se- 
quence differences in the main ligand binding region (Weiss 
et al., 1996). Furthermore, thex was no genetic interaction 
found benveen the dopamine D4 receptor exon 3, and the 
GABA, receptor a-1 subunit in the symptorns of major 
psychoses (Semtti et al., 1999b). A study exarnining 
polymorphisms at dopamine DI receptor, dopamine D2 
receptor, dopamine D3 receptor, and dopamine D4 recep- 
tor genes in schizophrenia defined by different diagnostic 
systems failed to find an association (DoIlfis et al., 1996). 
Association studies in bipolar disorder have also been 
negative (Lim et al., 1994; Oruc et al., 1997). 

One controversial area in the search for a fiuictional 
effect of the third cytopIasmic loop polymorphism has 
been the putative association with novelty seeking and 
other personality/temperament traits. Initia1 reports by 
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Ebstein et al. (1 996) and Benjamin et al. (1 996) showed an 
association beniveen the dopamine D4.7 receptor variant 
and novelty secking as part of a multidimensional person- 
ality questionnaire. Subsequent research confirmed hese 
findings (Benjamin et al., 2000; Ebstein et al., 1997; 
Strobel et al., 1999; Tomitaka et al., 19991, but this was 
countered by a large number of negative findings (Bau et 
ai., 1999; Gelernter et al., 1997; Jonsson et al., 1997, 1998; 
Kuhn et al., 1999; Malhotra et al., 1996; Pogue-Geile et 
al., 1998; Poston et al., 1998; Sander et al., 1997; Sullivan 
et al., 1998). Other polymorphisms were also reported to 
be associated with novelty seeking (Okuyarna et al., 2000). 
and other authors found an association between the gene 
and the trait, but found that more repeats did not correlate 
with more novelty seeking, unlike thc majority of the 
abovc positive studies (Ekelund et al., 1999). Related 
studies in nconates found a relationship between the 48 
base pair polyrnorphism and noveIty seeking (Ebstein et 
al., 1998) and other aspects of temperament (Auerbach et 
al., 1999). Dopamine D4 receptor knock-out mice exhib- 
ited reduced exploration of novel stimuli (Dulawa et al., 
1999), in an intriguing parallel with hwnans in the positive 
studies. The original findings were controversial for a 
number of reasons, not least of which was the racial 
distribution of the novelty seeking-associated repeats. 
Spcculation about the racial prupensity for new experi- 
ences, and consequent development of cultural norms, was 
easily exaapolated h m  the findings. Despite the initial 
atûactiveness of examining single personality dimensions 
as opposed to complex neuropsychiatrk diseases in rela- 
tion to dopamine D4 receptor poiymorphisms, the conflict- 
h g  rcsuits remain inconclusive, and have k e n  criticized 
on methodological grounds (Baron, 1998; Jovanovic et al., 
1999; Paterson et a!., 1999). 

Bewuse of the clinical relationship of novelty seeking 
with substance abme and other impulse control disorciers, 
novelty seeking in substance abusers, as well as the rela- 
tionship of the 48 base pair polymorphism to substance 
ahuse itself was also explored. Some authors reported an 
association with cigarette smoking in African-Amencans 
(Shields et al., 1998), with female pathological gamblers 
(Perez de Castro et al., 1997), and with a1coholism (Geo- 
rge et al., 1993). No association was found in a Scandina- 
M'an sample of alcoholics (Adamson et al., 1995; Geijet et 
al., 1997), and other polymorphisms were not associated 
with alcobolisrn in Taiwanese populations (Chang et al., 
1997). A casecontrol study of heroin dependence did not 
find an association with the exon 3 polymorphism (Franke 
et al., 20001, nor was there an association found with 
suicide attempts (Persson et al., 1999). 

ûther disorders that have an eIement of impaireci 
impulse conml that have been studied in relation to 
polymorphisms in the dopamine D4 receptor gene include 
obsessive-compulsive disorder, Tourette syndrome, and at- 
tentiondeficit hyperactivity disorder. Cruz et ai. reported 
suggestive findings that the dopamine D4.7 receptor vari- 

ant was associated with tics in patients with obsessive- 
compulsive disorder (Cruz et al., 19971, but others have 
found that variants in the dopamine D4 receptor gene are 
not associated with susceptibility to either Tourette syn- 
drome (Barr et al., 1996), or obsessive-compulsive disor- 
der (Di Bella et al., 1996). One repoe that p a t e r  than 6 
repeats in the exon 3 polymorphism confers susceptibility 
to Parkinson's disease (Ricketts et al., 19981, bas k e n  
contradicted by another sntdy (Kronenberg et al., 1999). 
Results with attention deficit hyperactivity disorder are 
similarly inconclusive, with two papers showing an associ- 
ation with the D4.7 allele (Faraone et al., 1999; LaHoste et 
al., 1996). and two contradicting reports (Castellanos et al., 
1998; Rowe et al., 1998). 

1.4. Dopamine 0 4  recepror pharmacogenetics 

Because of the relatively high affinity of clozapine for 
the dopamine D4 receptor (Van TOI et al., 199 11, the 
relationship between polymorphisms in this gene and re- 
sponse to clozapinc treatment have k e n  investigated. Neg- 
ative reports of the association with clozapine response 
have included the 48 base-pair repeat, exon 1, and exon 3 
polymorphism (Kohn et al., 1997; Rao et al., 1994; Ri- 
etschel et al., 1996; Shaikh et al., 1993b. 1995). One group 
reported that the dopamine D4.7 receptor variant was 
associated with cIozapine response when compared to 
response to typical neuroleptics (Cohen et al., 1999). Hwu 
et al. (1998), however, found an association between ho- 
mozygotes for the dopamine D4.7 receptor variant and al1 
types of neuroleptic xsponse in schizophrenic patients. 
The exon 3 polymorphism does not appear to be associated 
with response to lithium prophylaxis in mood disorders 
(Serretti et al., 1999a). Despite the differences in phar- 
macological profile of the dopamine D4.x receptor vari- 
ants, the clinical impact of these varianis on nemleptic 
response are udikely to be the major factor determining 
neuroleptic response vs. non-response, considering the large 
range of doses that are comrnonly used (Marder et al., 
1991). 

6. Dopamine D5 receptor 

6. I .  Dopamine D5 receptor gene structure and polyrnor- 
phrsms 

The dopamine D5 receptor gene has not been the 
subject of many genetic studies. It is located on chrome 
some 4plS.1-p15.3, and contains a highly polymorphic 
dinucleotide repeat region (Sherrington et al., 1993). îhe 
microsatellite (DS(Cï/GT/GA)n) has 12 possible alleles. 
î h e  major traasactivation domain is 1 19- 182 base pairs 
upstream of the transcription start site, with a negative 
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modulator at - 500 to - 25 1 (Beischlag et al., 1995j. A 
dinucieoticie repeat called (TC) 13, is located within the 
promoter region (Beischlag et al., 1996). îhere are two 
dopamine rcceptor pseudogenes D5#l and D5Q2 that do 
not direct the synthesis of a functional receptor (Grandy et 
al., 199 1). There is a silent polymorphism at base pair 978 
( ~ r o ' ~ ~ P r o )  and a missense change, Leuaa Phe, in tram- 
membrane dornain II (Feng et al., 1998). Nine mutations 
were identified using single stand conformational polymor- 
phisrns (Sobell et al., 1995). 

6.2. Dopamine D5 receptor mututions, po!vmorphisms and 
gene finction 

Five of the nine polymorphisms identified by Sobell et 
al. result in pmtein sequence changes: ~ l a l ~ ~ v a l  in the 
third intracellular loop, ~ r o ~ ~ ~ ~ l n  in the third cytoplasmic 
loop, ~ s d " ~ s p  in the seventh transmembrane region, and 
~ e r ' " ~ ~ s  in the C-terminus. A nonsense mutation in the 
third extracellular loop at ~ y s ~ ' ~  results in termination 
(Cravchik and Gejman, 1999; Sobell et al., 1995). The 
~ s n ~ ~ ' ~ s p  polymorphism increases dopamiiie and de- 
creases R( + )-SKF-38393 binding affinity. The ~ e u " ~ h e  
slightly increases dopamine binding affinity, and decreases 
rispcridone and SCH-23390 affinity (Cravchik and Gcj- 
man, 1999). Analysis of the (TC)13 mutations in the 
promoter region did not show any differences in dopamine 
DS receptor gene activation (Beischlag et al., 1996). 

6.3. Dopamine D5 receptor and disease genetics 

One group reported an ovempresentation of the most 
cornmon allele of the microsatellite polymorphism and 
substance abuse in a sample of 148 male and female 
subjects when compared to a control group (Vanyukov et 
al., 1998). Others have found a novel missense change at a 
highly conserved amino acid (L88F), in a patient with 
autism aAer screening 17 1 patient sampIes (Feng et al., 
1998). No association with schizophrenia or bipolar disor- 
der was found in a fmily linkage study (Asherson et al., 
1998), or with schizophrenia in multiplex pedigrees (Kalsi 
et al., 1996; Ravintiranathan et al., 1994). No association 
with schizophrenia was found in a case-control study 
(Sobell et ai., 1995). An association of the microsatellite 
repeat region in the dopamine DS receptor gene with 
attention deficit hyperactivity disorder was reported but 
has not becn replicated (Daly et al., 1999). This group 
applied a haplotype relative-risk strategy in a sampfe of 
118 subjects and 2OO of their parents. The dopamine D5 
receptor gene is located within the 4p14-16 region where 
suggestive Linkage findings for bipolar disorder have been 
noted (Kennedy et ai., 1999), but no clear results linking 
the actual gene to bipolar disorder exist (Asherson et al., 
1998). 

6.4. Dopamine DS receptor phamacogenetics 

As with the dopamine Dl receptor, there are no thera- 
peutic drugs that specifically target the D5 receptor, and so 
it is of relatively minor pharmacogenetic importance. 
However, recent observations of a fûnctional interaction 
between the dopamine D5 and y amino-butyric acid (A), 
(GABA,) receptors (Liu et al., 20001, may form the basis 
to study the genetic interaction of thesc rcceptors in dis- 
ease and drug respanse (Fig. 1). 

7. Conclusions 

The myriad, conflicting results of association and fam- 
ily linkage studies cannot be easily summarized There is 
essentially no clear-cut case in which polymorphisms in 
any of the dopamine reccptor genes are related to neu- 
ropsychiatric disorders, or even to a specific phenotype. 
While some receptor variants are associated with changes 
in receptor signaling, the significance of these findings for 
brain fiction remain to be elucidated. This uncertain 
picture is not unique to the phamacogenetics of dopamine 
receptors, as a similarly confusing scenario is found in 
many complex gcnetic diseases, including some that have 
been discussed in this review such as schizophrenia and 
bipolar disorder. 

n ie  fiindamental issue may be that dopamine receptors 
are only one component of îhe anay of nemûansmitter 
receptor systems that influence behaviour in concert with 
genes that control neurodevelopment, connectivity, neu- 
ronal signaling, and synaptic plasticity. In attempting to 
find a trait that can be specified at the leve1 of the 
organism, it may be exceedingly difficult or impossible to 
isolate the eff'ect of oniy one gene or polymorphism. 
Complex genetic diseases account for most of the diseases 
currently subject to research, but success in understanding 
most has been limited. Novet striitegies involving multiple 
genes and theù interactions may be needed to gain usehl 
insights into meptor variation and disease. 

There are pteIiminary resuIts that suggest a reiationship 
between dopamine receptor polymorphisms and newolep 
tic treatment. The dopamine D3 receptor may play a role 
in modulating susceptibility to tardive dyskinesia. 
Dopamine D2 and û4 receptor polyrnorphisms may influ- 
ence response to clozapine and other neuroleptics, al- 
though the findings are inconsistent. Many polymorphisms 
and mutations that alter the pharmacological profile of the 
various dopamine receptors have ben described. Few of 
these teceptor variants have been clearly associated with 
therapeutic efficacy of dopamine systern drugs. With re- 
spect to neuroleptic treatment of schizophrenia, many ge- 
netic studies have examined the extremes of response vs. 
non-response, where the effects of polymorphisms or mu- 
tations may be subtle, modulating interindividual dfler- 
ences in minimaily effective doses. Under such circurn- 
stances, genetic variability in drug metabolism becornes an 
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important factor in these genetic andyses, and supports the 
use of more complex genetic studies that incorporate mul- 
tiple genes, in the study of dopamine receptor pharmacoge- 
netics Mort research is needed to determine if clinically 
important differences in the efficacy or side effects of 
neuroleptics can be predicted by variation in dopamine 
receptor gene sequences. 
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