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S P E C I A L  S E C T I O N :  M A N I A  A N D  D E P R E S S I O N  

Convergent functional genomics: application to 
bipolar disorder 
Alexander 3 Niculescu If1 and John R Kelsoe 

The recent development o f  microarray technologies has 
made possible the simultaneous measurement o f  mRNA 
levels for thousands o f  genes and a new genomic method 
termed gene expression profiling. The application o f  this 
approach to  animal models or post-mortem tissue provides 
a powerful tool for the discovery o f  novel genes involved 
in psychiatric disorders. This approach has strengths that 
are complementary t o  those o f  another genomic method 
for gene discovery, positional cloning. Microarray tech- 
nologies and their application t o  post-mortem tissue and 
animal models o f  bipolar disorder are reviewed. A novel 
approach termed convergent functional genomics, which 
integrates gene profiling and positional cloning in order to  
rapidly identify candidate disease genes, is  also described. 
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Introduction 

Bipolar disorder or manic-depressive illness is a 
common psychiatric disorder that affects approxi- 
mately 1% of the population worldwide (1). It is 
characterized by alternation between two extremes of 
mood state: mania and depression. In mania, patients 
experience euphoria or irritability, increased energy 
and activity, grandiosity, decreased need for sleep, 
racing thoughts, rapid speech and risk taking. De- 
pression is the opposite of mania with symptoms of 
sadness, lack of motivation, loss of pleasure, insomnia 
or hypersomnia, appetite change, feelings of worth- 
lessness and suicidal ideation. Psychosis can occur in 
either of these states, and the lifetime suicide rate is 
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approximately 17%. There is an enormous variety in 
the way in which these two states alternate over the 
course of a person’s life. Although there are many 
effective treatments, the lack of a fundamental under- 
standing of pathophysiology has significantly hin- 
dered the discovery of novel therapeutic mechanisms 
and targets for drug action. 

Numerous family, twin and adoption studies have 
argued for a strong genetic contribution to the 
aetiology of bipolar disorder (2). Based on these data, 
much effort has recently focused on the use of 
positional cloning and linkage strategies to identify 
susceptibility genes. These studies are reviewed else- 
where in this issue. Although this approach has great 
promise to elucidate the fundamental mechanisms of 
this disorder, as with other complex genetic traits, 
linkage studies in psychiatry have turned out to be 
very arduous. This is likely due to the polygenic 
nature of most psychiatric disorders. Furthermore, 
psychiatric phenotypes are complex and lack the clear 
quantitative measures and endophenotypes available 
for other comparably complex polygenic disorders, 
such as diabetes or hypertension. Nevertheless, the 
accumulation of larger family sets and independent 
genome scans has led to the identification of several 
arguably reproducible linkage peaks. However, a 
major problem that is consistent with other complex 
disorders is that these linkage peaks are broad and 
may contain hundreds, or even thousands, of genes 
( 3 ) .  This approach by itself does not permit easy 
identification of specific disease genes. 

The recent development of DNA microarray tech- 
nology in combination with the identification of most 
genes in both human and rodent genomes provides an 
alternative, comprehensive genomic approach to the 
identification of disease genes and genetic mechanisms 
of disease. In this review, we will describe microarray 
technologies and their potential application to the 
genetics of bipolar disorder. Animal models proposed 
as relevant to bipolar disorder will be discussed. We 
will also describe one approach to the integration of 
this technology with positional cloning which we have 
termed convergent functional genomics. 
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DNA microarrays 

Gene expression studies in different brain regions in  
animal models of psychiatric disorders or in post- 
mortem brain have provided a powerful tool to study 
potential candidate genes involved in bipolar disorder. 
Until recently, the scope of those studies was limited 
to looking at specific known individual genes by in 
sitct hybridization, or other modalities of quantifying 
mRNA. The advent of subtractive hybridization or 
differential display techniques permitted the transition 
to a more discovery-based approach, not limited in 
scope to known genes. This has come to full bloom 
with the development and increasing use in the last 
two years of microarray technology, which permits 
the simultaneous assessment of gene expression 
changes in thousands of genes. This approach has 
been termed gene expression profiling. 

DNA microarray technology involves the place- 
ment of thousands of DNAs on a slide or chip at a 
microscopic scale such that thousands of DNAs may 
be arrayed within several square centimetres. This 
technology is currently rapidly evolving, but two basic 
approaches predominate. In one of these, full-length 
cDNAs are spotted onto glass slides by using robots. 
In the other, oligonucleotides are synthesized on glass 
slides in a massively parallel fashion. For both 
approaches mRNA is isolated from the tissue to be 
studied, fluorescently labelled and hybridized to the 
slides. After washing away the nonspecifically bound 
probe, the levels of mRNA for each gene to be 
interrogated is determined by microscopic quantifi- 
cation of the fluorescent signal. In the robotic spotting 
approach, mRNA from two tissues are typically 
labelled with different fluorescent dyes and hybridized 
together. The ratio of the two fluors then provides a 
controlled comparison of expression levels in the two 
tissues. The oligonucleotide-based method has been 
commercially implemented by Affymetrix (Santa 
Clara, CA). In this approach, RNA from one tissue is 
typically hybridized to a chip. Numerous oligos on the 
chip provide controls for standardization between 
chips and for absolute quantification of the mRNA 
levels. 

Each of these approaches has its relative merits. 
Robotic spotting of full-length cDNAs is typically 
more economical after an initial outlay for the cDNA 
library and for equipment. It is also more flexible as 
the slides can be made locally. However, it is less able 
to distinguish members of gene families with substan- 
tial sequence homology. The oligo-based method is 
easier to implement, but more costly per chip. 
However, it has a high degree of standardization, and 
as multiple oligos are employed for each gene, it is 
better able to distinguish among gene family members. 
The completion of the human and mouse genome, 
and continuous miniaturization and standardization, 

- - 

Key messages 

Although highly heritable, like many other 
complex genetic disorders, bipolar disorder has 
proven a challenging problem for positional 
cloning because of heterogeneity, small gene 
effects and broad linkage peaks. 

Gene expression profiting uses microarray 
technology t o  simultaneously measure levels of 
expression of thousands of genes and thereby 
provides a genomic approach that is comple- 
mentary to  positional cloning. 

Results from expression profiling of animal 
models and post-mortem tissue can be combined 
with those from linkage studies in a approach 
termed convergent functional genomics to 
greatly accelerate the process of identifying 
candidate genes. 

will undoubtedly lead to further changes in this 
technology and will essentially permit the expression 
profiling of the full complement of genes in a single 
experiment. Powerful as this may be, the caveat for 
these methods is that hundreds or even thousands of 
genes may show changes in expression, and these data 
display a high degree of variability. Statistical methods 
are only now being developed to aid in interpretation 
of these results. Furthermore, this approach by itself 
again does not permit one to unequivocally identify 
which specific genes play a primary role in the 
disorder, and which are just secondary in nature. 

This is a rapidly evolving technology that will 
require time to mature. However, DNA microarrays 
have already generated a lot of interest, and have 
started to be used successfully in developmental 
biology, cancer biology, and, more recently, in neuro- 
psychiatric disorders (4-7). Two exciting possible 
applications of this technology to psychiatric illness 
include the study of patterns of gene expression in 
animal models and in post-mortem brain. A review of 
some proposed animal models of bipolar disorder 
indicates both the promise and limitations of such an 
approach. 

Animal models of bipolar disorder 

As many molecular genetics and histochemical experi- 
ments are not feasible in humans, the use of good 
animal models is critical. We will discuss some of the 
models that have been used to date and also the choice 
of animal species to which to apply these models. 
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Ouabain Amphetamine administration 

Mania and bipolar 
with a decrease in 
potassium-activated 
ATPase) membrane 

depression have been associated 
the activity of the sodium and 
adenosine triphosphatase (Na,K- 
pump. Based on this, treatment 

with ouabain, a Na,K-ATPase inhibiting compound, 
has been proposed as a pharmacological model of 
bipolar disorder (8-10). This model may be of some 
interest, as ouabain induces a hyperlocomotor pheno- 
type and its actions are prevented by lithium pre- 
treatment. Few studies have explored the possible role 
of these genes in bipolar disorder. However, some 
support comes from one recent report of reduction of 
the a 2  isoform of the enzyme in post-mortem brain of 
subjects with bipolar disorder (11). 

Sleep deprivation 

The clinical observation of an antidepressant effect of 
sleep deprivation has prompted the examination of 
this phenomenon in rats as a potential animal model 
for mania. Sleep deprivation in man is notable for 
having an almost immediate effect, in contrast to 
other pharmacological treatments that typically require 
2-3 weeks. In bipolar disorder, sleep deprivation can 
trigger an overnight dramatic ‘switch’ from depression 
into mania. Sleep deprivation in rats led to hyper- 
activity, irritability, aggressiveness, hypersexuality and 
stereotypy, and was reversed by haloperidol or lithium 
pretreatment (12). The cohort of symptoms induced 
by sleep deprivation does mimic those present in 
idiopathic mania, which make this an interesting 
model. However, the somewhat transient nature of the 
effect and the methodological complexity may have 
led to its limited use thus far in experimental animal 
studies. 

6-Hydroxydopamine 

Intraventricular injection of 6-hydroxydopamine (6- 
OHDA) leads to hyperreactivity and irritability in 
rats, changes that were prevented by lithium pre- 
treatment or electroconvulsive therapy (13). The 
resulting hyperreactivity was proposed by the authors 
as a possible pharmacological model of mania. 6- 
OHDA treatment has been shown to destroy terminals 
but not cell bodies of norepinephrine (noradrenaline), 
and sometimes dopamine neurones. This model which 
may produce a hypodopaminergic state, seems in 
conflict with others such as amphetamine, described 
below, which induce a hyperdopamine state. The 
implications of this are not clear, but may imply a 
complex dysregulation of dopamine and norepi- 
nephrine systems. 

Stimulant administration in man mimics many of the 
signs and symptoms of psychiatric illness. Specifically, 
single-dose amphetamine treatment in humans repro- 
duces some of the core symptoms of mania: increased 
energy, euphoria, hyperactivity, decreased need for 
sleep and psychomotor agitation (14, 15). Chronic 
use, as seen in amphetamine or cocaine dependence, 
typically involves an escalation in dose followed by 
binges. This pattern of use frequently leads to the 
psychotic symptoms of hallucinations and delusions 
that can be indistinguishable from those of psychotic 
mania or the positive symptoms of schizophrenia (16) 
(Fig 1). This close similarity in clinical presentation 
suggests that common pathophysiological mechanisms 
may operate in both amphetamine psychosis and 
endogenous psychoses. 

Numerous lines of evidence argue that this com- 
mon pathophysiology may involve a disturbance in 
dopamine neurotransmission. The primary action of 
amphetamine is to increase synaptic dopamine by 
stimulating release and blocking reuptake. Axonal 
projections from dopaminergic cell bodies in the 
ventral tegmental area to the nucleus accumbens, 
olfactory tubercle, frontal cortex (prefrontal, cingulate, 
and entorhinal regions), and amygdaloid nuclei 
play an important role in regulating motivation 
and emotion. Furthermore, this mesocorticolimbic 
dopaminergic system has been implicated in drug 
addiction and the pathogenesis of mania, depression, 
and schizophrenia (17, 18). This connection between 
mood and dopamine is particularly apparent in regard 
to reward seeking and locomotor activity. Mania is 
associated with increased reward seeking, a behaviour 
associated with dopamine release, while depression is 
associated with anhedonia, a mental state that may 
result from hypodopaminergia. The large increase in 
locomotor behaviour of laboratory animals, which is 
produced by a single injection of amphetamine, has 
been proposed to model motor hyperactivity observed 

Psychotic Psychosis ( mania ) Mania 

Amphetamine treatment 
T 

~~~ ~~ 

Acute Chronic 

Figure 1. Amphetamine treatment models symptoms of 
mania and psychosis. 
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in manic patients. A variety of paradigms of amphet- 
amine treatment in rats have also been used as 
models of endogenous psychosis. The behavioural 
sensitization that follows chronic administration of a 
fixed dose has been a widely used model and likely 
does reproduce some aspects of human amphetamine 
abuse (1 9, 20). More recently, a distinct behavioural 
profile was identified that emerges from a schedule of 
escalating doses followed by binges, and that is 
designed to mimic the human abuse patterns that 
commonly lead to psychotic symptoms (21). 

Animal species 

The question of animal species chosen for experiments 
is a n  important one. While extensive behavioural 
pharmacology studies in this area have been reported 
to date in rats (22, 2 3 ) ,  which have somewhat bigger 
brains, the equivalent studies in mice have been less 
extensive, as have the analyses of the molecular and 
histochemical underpinnings. The distinction is import- 
ant as behaviour, response to drugs and metabolism of 
drugs are all different in these two rodent species. 
However, that gap is beginning to be covered. The 
amenability of mouse to genetic manipulation, and 
the imminent availability of the complete mouse 
genome sequence will greatly extend the range of 
experimental questions that can be addressed in 
mouse models as compared to rat models. 

Gene expression studies 

Animal models 

Numerous studies of the expression of individual 
candidate genes have been conducted for several of 
the above animal models (24). Although these data 
have provided insights into aspects of likely disease 
mechanisms, they are subject to a number of limi- 
tations. First is the relevance of the animal model to 
bipolar disorder. Second is the choice of candidate gene 
to be examined. Third is the difficulty in dis- 
tinguishing changes that are central to the mechanism 
of the disease process from those that reflect secondary 
epiphenomena. By enabling the simultaneous examin- 
ation of nearly all genes, gene profiling dramatically 
enhances this approach in several ways. It is com- 
prehensive and thereby facilitates the discovery of 
unexpected novel gene response. It also permits 
examination of patterns of gene changes. This power 
was demonstrated in a study that we have recently 
conducted of 8000 genes in response to a single dose 
of methamphetamine in an animal model of mania 
(4).  As described below, several novel and unexpected 
gene changes were identified that stimulated new 
directions of inquiry. As this technology is very new, 

only limited work has been conducted. However, our 
study suggests that many new discoveries and research 
directions for bipolar disorder will soon be coming 
from such approaches. 

Post-mortem brain 
A number of studies of gene expression in post- 
mortem brain of bipolar subjects have been conducted 
to date for specific candidate genes by using several 
technologies. In situ hybridization and immunohisto- 
chemistry have the advantage of permitting fine tissue 
localization of the mRNA and proteins, although their 
results are more difficult to quantify. Northern blots 
and Western blots are biochemical methods for 
quantifying specific RNA, respectively protein, levels 
from tissue samples. The studies in bipolar disorder 
where these classic techniques have been employed are 
somewhat limited, not least by the limited availability 
of human post-mortem tissue samples. Their main 
disadvantage is that one has to have a prior hypothesis 
or an educated guess driving this one-candidate-at-a- 
time approach. 

The mRNAs for complexin I and 11, synaptic 
proteins preferentially expressed by inhibitory and 
excitatory hippocampal neurones, respectively, were 
found to be reduced in human post-mortem brain 
samples in both bipolar disorder and schizophrenia 
(25). The mRNA and protein levels for GAP-43, a 
protein involved in the establishment and reorgan- 
ization of synaptic connections, were found to be 
decreased in the prefrontal cortex in post-mortem 
brain samples of depressed patients who committed 
suicide (26). The mRNA levels of neuropeptide Y 
were also found to be reduced in the prefrontal cortex 
of post-mortem brain samples of patients with bipolar 
disorder, but not major depression or schizophrenia 
(27). Western blot analysis has also revealed higher 
levels of the neural cell adhesion molecule (N-CAM) 
in the hippocampus of bipolar but not schizophrenic 
patients (28). N-CAM is a cell surface recognition 
molecule involved in cellular migration, synaptic 
plasticity and central nervous system development. 

Gene expression profiling studies of post-mortem 
brain have a similar set of advantages and dis- 
advantages as those described above for animal 
models. In contrast to animal models, the relevance to 
illness is not an issue; however, post-mortem studies 
can instead suffer from problems related to certainty 
of diagnosis and degradation of mRNA. To date, no 
gene profiling studies of post-mortem brain in bipolar 
disorder have been reported. However, a recent study 
of schizophrenia provides a glimpse of the kind of 
data that future studies may provide. Mirnics and co- 
workers examined prefrontal cortex in post-mortem 
brain from subjects with schizophrenia by using 
microarray analysis ( 5 ) .  They reported that changes in 
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FUNCTIONAL GENOMICS 

gene expression were seen primarily in genes related 
to presynaptic function. Hence, these results support 
further study of genes based on their subcellular 
localization and function in the neurone. An impor- 
tant issue for such studies is how to best utilize such 
information in order to elucidate fundamental mech- 
anisms of illness. This is especially true for genes 
whose function is unknown and that were discovered 
in the absence of an a priori hypothesis. 

Convergent functional genomics 
A combination of complementary strategies 
Towards addressing this issue, we have recently 
proposed an approach that we have termed convergent 
functional genomics that utilizes information from 
gene profiling studies in order to accelerate the 
identification of candidate disease susceptibility genes 
(4). In essence, one would intersect the findings of 
gene expression studies in animal models with linkage 
peaks from human familial studies, resulting in a 
limited number of high-probability candidate genes 
(Fig 2). Both gene profiling methods and positional 
cloning share the strength of being comprehensive 
genomic methods with great potential for discovery of 

OF BIPOLAR DISORDER 267 

new genetic effects. We argue that their strengths and 
shortcomings are complementary (Fig 3 ) ,  and that 
combining them results in a much greater efficiency in 
identifying important genes. 

The process works by identifying genes whose 
expression is altered in either an animal model or in 
post-mortem brain. The chromosomal map position 
of these genes, or their human homologues in the case 
of animal models, are then compared with reported 
linkage peaks for the psychiatric illness under study. 
Genes whose expression changes in an animal model 
or in post-mortem brain and map to known linkage 
peaks are more likely to be susceptibility genes. In this 
way, functional genomic studies are able to point to a 
limited number of high-probability candidates within 
linkage peaks and, thereby, prioritize a smaller number 
of genes for more detailed and labourious mutation 
screening. Similarly, of the large number of genes 
whose expression is altered in a gene profiling study, 
those that map to linkage hotspots may be more likely 
to be of primary mechanistic relevance. We have 
recently reported results of the application of this 
approach to methamphetamine administration as an 
animal model of mania. These results provide a proof 
of principle and suggest that convergent functional 
genomics may be of use not only in psychiatric 
disorders, but also other complex genetic traits (4). 

(Positional cloning ) 
1 2  3 4 5 6 7 8 9 10 11 

Animal models 

Amphetamine 

12 13 14 15 16- 19 20 21 22 \ \ 

13 

11.2 

11.1 

11.22 
12.1 
12.3 

13.2 
13.32 

- T ' f  

Microarray of 
8 000 genes 

Figure 2. Convergent functional genomics. Genes whose expression is changed in an animal model and map to chromosomal loci 
identified by linkage are high-probability candidates. 
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Positional cloning 

Identifies genes based 
on chromosomal 
position 

- Requires no knowledge 
of pathophysiology 

- Complete - covers 
the entire genome 

- Specific to aetiology 

Advantages 

Disadvantages 
- Replication 
- Heterogeneity 
- Broad linkage peaks 

Expression profiling 

Surveys expression of 
all genes in an animal 
model 

- Comtiete -covers 
Advantages 

the entire genome 

Disadvantages 
- Requires an animal mode 

and theory of mechanism 
- Not specific to aetiology 
- Difficulty distinguishing 

important from 
secondary effects 

Figure 3. Complementary advantages of positional cloning 
and expression profiling. 

Animal model and design 
Rats were administered a single dose of metham- 
phetamine (4.0 mg/kg) as an animal model of mania. 
Twenty-four hours later the brains were harvested, 
and specific brain regions (prefrontal cortex-PFC, 
amygdala-AMY) were dissected out and analysed for 
gene expression patterns by using microarray tech- 
nology. The data were then cross-matched against 
known loci identified by human genetic linkage 
studies. 

In terms of amphetamine treatment regimen, single- 
dose treatments mimic fairly closely hypomania and 
mania, whereas in chronic long-term treatments a 
more complicated picture with additional psychotic 
features may emerge, as discussed above (Fig 1). 

We believe the choice of the timepoint for har- 
vesting to be of critical importance in influencing the 
results obtained. Harvesting the brain 1 h after the 
(last) amphetamine dose, as has been the practice in 
the field, and looking at gene expression, may reveal a 
very high number of changed transcripts, many of 
them related to a less specific early-response. Har- 
vesting 24 h later, however, offers a window on gene 
expression where a lower, more manageable, number 
of transcripts in general are changed. Furthermore, at 
24 h after the first amphetamine treatment, the rat 
would already manifest an altered behavioural re- 
sponse to another challenge. As it is these lasting 
changes that are more likely to be related to mania 
and psychosis, gene changes at this later time point 
may be more specific and relevant. One obviously 
needs to perform also time-course experiments to 
trace the temporal expression profile of the candidate 
genes identified, which may permit a better mech- 
anistic understanding of their involvement in patho- 
physiological processes. 

Convergent functional genomic candidate genes 
for bipolar disorder 

We employed an oligonucleotide-based method (Affy- 
metrix U34A chip) that measures 7000 cDNAs and 
1000 ESTs (expressed sequence tags). An increase or 
decrease of twofold in each of the two independent 
experiments was chosen as an empirical cut-off for 
changes in gene expression. Genes identified by this 
approach are summarized in Table 1 and Figure 4. 

Several genes were striking in the convergence of 
their degree of induction, known physiological role 

Table 1, Genes induced in a methamphetamine model of mania. 

Gene symbol Description Fold Human chromo- Linkage 
induction soma1 location region* 

Prefrontal cortex 
GRK3 G protein-coupled receptor kinase 3 14.2 22ql1 B 
DBP D-box binding protein 7.0 19ql3.3 B 
FDfTl Farnesyl-diphosphate farnesyltransferase 2.9 8~23 .1  -p22 S 
MALS-1 Vertebrate LIN7 homolog 1 2.9 12q21.3 B 

Amygdala 
NDUFS8 
SULTlA1 
POLR2F 
FCGRT 
IGF1 
HSPBl 
NTRK3 
ADORA3 
FEZ2 

NADH -coenzyme Q reductase 
Sulfotransferase 1 A1 
RNA polymerase II polypeptide F 
IgG Fc receptor transporter alpha 
Insulin-like growth factor 1 
Heat shock protein 27 
Neurotrophin receptor 3 
Adenosine receptor A3 
Fasciculation and elongation protein 

zeta 2 (zygin II) 

20.8 
4.3 
3.9 
3.2 
3.0 
2.8 
2.7 
2.7 

2.3 

l l q 1 3  
1 6 ~ 1 2 . 1 - ~ 1 1 . 2  B 
22q13.1 6, s 
19q13.3 B 
12q22-q24.1 B 
7q22.1 
15q25 
lp21-pl3 

2p22 

'Convergent with a linkage peak for either bipolar disorder (B), or schizophrenia (S). (Adapted from (4) 
with permission.) 
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1 2 

* 

* * Bipolar 

Schizophrenia 

3 4 5  6 7 8 9 10 11 

* 
FDFTl 

* 
SULT1 A1 

/--- 

MALS 

lGFl 

GRK3 

DBP 

U 

12 13 14 15 16 17 18 19 

Figure 4. Convergent functional genomic mapping of genes induced in 
hotspots for bipolar disorder. See Table 1 for definitions of the abbreviations. 

i* 
20 21 22 x Y 

a methamphetamine model of mania to linkage 

and map position. Of these the most impressive was G 
protein receptor kinase 3 (GRK3). GRK3 underwent 
an average 14-fold induction and maps to within 
20 kb of a linkage peak for bipolar disorder identified 
in several studies (29-31). GRK3 mediates the hornolo- 
gous desensitization of a variety G protein-coupled 
receptors, including D 1 dopamine receptors. This 
suggests the attractive hypothesis that a defect in 
GRK3 impairs the desensitization of D1 receptors in 
response to increased dopamine neurotransmission 
and, thereby, results in an effective supersensitivity to 
dopamine. Such a neural mechanism for mania and 
psychosis has been suspected for several decades. At 
this point, these results are only suggestive and require 
the identification of a functional mutation in the gene 
and its association to illness in an independent 
sample. 

Several other identified genes are also intriguing 
candidates worthy of further detailed study. These 
include the clock gene, DBP; a gene involved in 
cholesterol biosynthesis, FDFT1; insulin-like growth 
factor 1, IGF1, which has been shown to regulate 
development and function of dopamine neurons; 
SULTl Al ,  which inactivates dopamine by sulfation; 
and MALS-1, a synaptic protein involved in glutamin- 
ergic neurotransmission. 

Clearly, given the number of genes induced and the 
number of linkage peaks, it is possible that some of 

these genes converge on linkage peaks by chance. 
Furthermore, it is possible that the mutation in the 
susceptibility gene in any given linkage peak may not 
undergo a change in level of expression in either ill 
individuals or in an animal model. Such a gene would 
not be detected by this approach. Rather, the 
advantage of this approach is its ability to focus the 
next stage of mutation screening on a smaller number 
of higher probability candidates. 

Grouping candidate genes in classes: psychogenes 
and psychosis suppressor genes 

By analogy to cancer biology, we proposed that genes 
involved in psychiatric disorders can be viewed as 
falling into two prototypical categories. Genes whose 
activity promotes processes that lead to psychiatric 
disorders could be called psychogenes, by analogy to 
oncogenes. Conversely, genes whose activity sup- 
presses processes that lead to psychiatric disorders 
could be called psychosis suppressor genes, by analogy 
to tumour suppressor genes (Table 2). Though this 
breakdown is simplistic, it does have a heuristic value 
in considering the roles of these putative disease genes 
in pathophysiology and as targets for therapeutic 
intervention. 
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Table 2. Candidate psychogenes and psychosis suppressor 
genes. 

Psychogenes Psychosis suppressor genes 

DBP 
FDFT1 

IGFI 
MALS-1 

GRK3 
SULT1 A1 

See Table 1 for definitions of the abbreviations. (Adapted from (4) 
with permission.) 

Future directions 

Regulomics 

The limited number of genes in the human genome, 
the large quantities of nonprotein coding DNA, the 
likely mutations in those regions and their impact on 
gene expression and complex regulatory networks 
may be the emerging theme in psychiatric genetics, 
and genetics in general, in the years to come. While 
current areas of attention are the Human Genome 
Project, Genomics and Proteomics, we would submit 
that a Human Promoter Project and Regulomics 
might be next in terms of large-scale projects with 
high impact and the logical future direction for 
functional genornics. 

Dissecting functional cascades in mouse knock- 
out models 

In the meantime, the candidate genes identified by 
approaches, such as convergent functional genomics, 
and validated by the identification of functional 
polymorphisrns, need to be further understood and 
dissected in terms of their molecular cell biology. 
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