
METABOLIZING ENZYMES: 
 

Psychopharmacogenetics 
 
 
Rolando Meloni, Olfa Khalfallah and Nicole Faucon Biguet∗ 
 

 
1. INTRODUCTION 

The monoamine (MA) neurotransmitters, namely the catecholamines
dopamine (DA), norepinephrine (NE) and epinephrine (E) and the indolamine
serotonin (5-hydroxytryptamine = 5-HT), play important roles in mood,
cognition, learning, motor activity, reward, sleep, appetite, and cardiovascular 
functions.  

1.1. Monoamine brain distribution and pathways 

Peripheral MA-ergic cells are mainly present in the adrenal medulla (E and 
NE), sympathetic ganglia (NE) and myenteric plexus (5-HT). In the brain
neurons containing DA, NE and 5-HT have a restricted distribution in specific
nuclei mainly in the brainstem from where they form pathways that allow
regulation of the activity of large regions of the CNS.

1.1.1. Dopamine

Most DA-ergic neurons are located in the pars compacta of the substantia 
nigra (SN) and in the medially adjacent ventral tegmental area (VTA) in the
mesencephalon. They project rostrally in three partially overlapping pathways.
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The nigrostriatal projection (or mesostriatal projection) is from the SN to the
caudate nucleus and putamen. The mesolimbic and mesocortical pathways travel
from the VTA to several forebrain structures such as the nucleus accumbens, 
septal area, amygdala, and pre-frontal cerebral cortex. Additional DA-ergic 
neurons are found in the retina, the olfactory bulb, and the hypothalamus and 
form local contacts.

1.1.2. Norepinephrine

NE-ergic neurons form the locus ceruleus (LC) in the pons and are also
found in the medullary reticular formation, in the solitary nucleus and the dorsal
motor nucleus of the vagus in the medulla. They project to most of the CNS 
with ascending fibres reaching the thalamus, hypothalamus, limbic forebrain 
structures, the somatosensory cerebral cortex and the cerebellar cortex and deep 
nuclei while descending fibres project to other parts of the brainstem and to all
spinal levels. 

1.1.3. Serotonin 

5-HT-ergic neurons are found in the brainstem where they are concentrated 
in the raphe nuclei. They innervate virtually all parts of the CNS with
projections from the rostral raphe nuclei to the forebrain. The cortical
innervation is most dense in sensory and limbic areas. The caudal raphe  
nuclei provide most of the projections to the brainstem and spinal cord. 
Moreover, 5-HT is a precursor for melatonin and is therefore synthesized in high
amounts in the pineal gland.

1.2. Monoamine  pre-synaptic  neurotransmission  (synthesis,  storage, 

release, uptake and degradation)

Tyrosine Hydroxylase (TH) and Tryptophan Hydroxylase (TPH) are the
rate-limiting enzymes involved in the hydroxylation of the amino acids tyrosine
and tryptophan, the first step in the synthesis of, respectively, the
catecholamines and serotonin. Thereafter, the Aromatic Amino acid Decarbo-
xylase (AAD or Dihydroxyphenylalanine (DOPA) Decarboxylase) decarbo-xylates 
the DOPA to DA and the 5-hydroxytryptophan to 5-HT. The Dopamine-ß-
Hydroxylase (DBH) further converts DA to NE and the Phenylethanolamine-N-
Methyl-Transferase (PNMT) NE to E in the adrenal medulla.  

After their synthesis, all monoamines are concentrated in vesicles at the
nerve terminal by the specific vesicular monoamine transporters VMAT-1,
primarily present in endocrine and paracrine cells of peripheral organs, and 
VMAT-2, the predominant monoamine vesicular transporter in the CNS 
(Erickson et al., 1996). These transporters favorize the uptake and protect these
molecules from leakage and/or intraneuronal metabolism (Masson et al., 1999) 
and regulate the release of MA from the vesicle pool (Boehm & Kubista, 2002).

Upon their release, the availability of extracellular MA and, thus, the spread 
and duration of synaptic excitability at their receptors is limited by
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presynaptically localized transporters and/or the action of specific catabolyzing
enzymes. The transporters NET, DAT and SERT retrieve the released NE, DA
and 5-HT, respectively, allowing these neurotransmitters to be repackaged into
synaptic vesicles inside the terminal (Gainetdinov & Caron, 2003). The enzymes 
monoamine oxidase (MAO) or catechol-O-methyltransferase (COMT) carry out 
the first step in catecholamine catabolism. Two isoforms of MAO (types A and 
B), which are encoded by separate genes, can be distinguished by substrate
specificity and sensitivity to selective inhibitors. MAO-A appears to be the main
enzyme for metabolising 5-HT and NE as substrates, and clorgyline is a
selective MAO-A inhibitor, whereas MAO-B prefers phenylethylamine as a 
substrate, and is inactivated by deprenyl as a selective inhibitor. Both MAO-A
and MAO-B oxidize DA. MAO-A is preferentially located in dopaminergic and 
noradrenergic neurons, while MAO-B appears to be the major form present in 
serotonergic neurons and glia (Shih et al., 1999; Nagatsu, 2004). COMT is
bound to membranes and appears to be located principally in postsynaptic
neurons. The degradation of catecholamines by the MAO and the  
COMT enzymes generates aldehyde intermediates that are reduced to 
3,4-dihydroxyphenyl-glycol (DHPG) and 3-methoxy-4-hydroxyphenylglycol
(MHPG) by cytosolic aldehyde reductase or oxidized to 3,4-dihydroxy-
phenylacetic acid (DOPAC) by mitochondrial aldehyde dehydrogenase. 
DOPAC may further be catabolized to homovanillic acid (HVA). The MAO and 
aldehyde reductase enzymes catabolize 5-HT yielding 5-hydroxy indole acetic
acid as the end product. 

1.2.1. Monoamine functions in the CNS 

Each of the MA systems in the brain is consistently associated with 
distinctive but sometimes overlapping physiological processes whose
disturbances are implicated in neuropsychiatric diseases. 

The DA systems are important mediators of motor function, mood, reward 
and cognition (Koob & Nestler, 1997). The loss of the DA neurons in the SN is
responsible for Parkinson’s disease (Wolters & Calne, 1989). Alterations in DA-
ergic neurotransmission are implicated in psychiatric diseases such as bipolar 
disorder (Schildkraut, 1965), schizophrenia (Carlsson, 1988; Abi-Dargham  
et al., 1998; Abi-Dargham et al., 2000), attention deficit/hyperactivity disorder 
(ADHD) (Shastry, 2004), Tourette’s syndrome (Segawa, 2003) as well as drug 
abuse (Koob & Nestler, 1997; Melichar et al., 2001). 

The NE system participates in the regulation of arousal, mood, attention and 
the response to stress suggesting its implication in depression (Schildkraut, 
1965; Ressler & Nemeroff, 1999).

The 5-HT system plays a role in mood, aggression, response to alcohol,
appetite, sleep, cognition, and sexual and motor activity. 5-HT has been
implicated in the etiology of depression mostly based on the pharmacological 
studies of the mechanism of action on the selective serotonin reuptake inhibitors
class of anti-depressant drugs (Vaswani et al., 2003; Gross & Hen, 2004). 
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2. GENETIC ASPECTS OF MONOAMINE METABOLISM AND

         NEUROPSYCHIATRIC DISEASES 

The role of the MA systems in regulating several biological processes that 
are disrupted in mental diseases suggests that the imbalance in MA
neurotransmission may play a substantial role in the pathophysiology of 
neuropsychiatric diseases (Grace, 1991; Mallet, 1996; Dreher & Burnod, 2002). 
The relative abundance and activity of the MA varies in different species and in
different cell groups as well as interindividually and between normal and 
pathological states, albeit it is unclear to what extent any neurobiological 
findings reflect primary rather than secondary pathology, compensatory 
mechanisms, or environmental influences. However, the primary source of 
interindividual differences in MA availability at the synapsis is essentially
represented by DNA polymorphisms in the genes encoding the metabolizing
machine of the MA systems. Accordingly, the psychiatric genetic studies of the
genes encoding these enzymes have highlighted their implication in the genetic 
predisposition to several neuropsychiatric diseases. The major findings of these
studies will be presented focusing on the relevance for behavioral and other 
complex traits of functional polymorphisms in MA metabolism related genes.

2.1. Tyrosine Hydroxylase 

The TH gene, encoding the rate limiting enzyme in the synthesis of H

catecholamines, is a strong candidate gene for neuropsychiatric diseases (Mallet, 
1996). A seminal paper showing for the first time a genetic linkage between
bipolar disorder in the Amish population and markers at the chromosome 11p15,
a region that contains the TH locus, strengthened the case for H TH as a H

“positional” candidate gene (Egeland et al., 1987). This result was questioned 
because the lod score method utilized did not take into account genetic
heterogeneity that characterizes bipolar disorder and other complex diseases
(Hodgkinson et al., 1987). Eventually, further genetic analysis of the Amish or 
studies of other populations did not confirm this initial result (Detera-Wadleigh 
et al., 1987; Kelsoe et al., 1989; Ginns et al., 1992; Gerhard et al., 1994;
Gershon et al., 1996; Ginns et al., 1996). However, other studies finding
significant linkage between markers at the TH locus and bipolar disorder,
maintained the implication of the TH gene in this disease and strengthened the H
case for genetic heterogeneity (Pakstis et al., 1991; Byerley et al., 1992; Lim 
et al., 1993; Gurling et al., 1995; Smyth et al., 1996; Malafosse et al., 1997).

In the first of a series of association studies on the TH gene, a significant 
genetic association was found between restriction fragment polymorphism 
markers at the TH locus and bipolar disorder in a French population sampleH

(Leboyer et al., 1990). However, this result has not always been replicated in
other studies (Korner et al., 1990; Gill et al., 1991; Inayama et al., 1993; Korner 
et al., 1994; Kawada et al., 1995).

In order to further investigate the implication of the TH gene in the genetic 
predisposition to bipolar disorder, an association analysis was conducted using
the more informative microsatellite HUMTH01 marker. This microsatellite is a
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polymorphic polypyrimidine sequence localized in the first intron of the TH
gene and is characterized by a core (TCAT)n tetranucleotide repeat iterated 
usually between 6 and 10 times (Polymeropoulos et al., 1991; Brinkmann et al.,
1996). The perfect (TCAT)10p repeat is very rare (less than 1%), while an

imperfect (TCAT)
4
CAT(TCAT)

5
 repeat allele, named (TCAT)

10i
, is the most 

common allele in Caucasians (around 30%) (Puers et al., 1993). A significant 
association has been found between the HUMTH01 7/10i repeat genotype and 
bipolar disorder in a new sample of French case-controls. Moreover, the patients 
bearing the risk genotype were clinically characterized by having familial 
history of bipolar disorder and/or delusive symptoms during manic or depressive
episodes (Meloni et al., 1995a). Although the TH gene is also a candidate gene
for schizophrenia, there was no compelling evidence for linkage of the TH locus 
to schizophrenia (Byerley et al., 1993). However, the rare 10p allele of the 
HUMTH01 microsatellite was significantly associated with schizophrenia in
two different ethnic samples from Normandy (northwestern France) and the
Sousse region (eastern Tunisia) (Meloni et al., 1995b). 

Several further studies inspired by these results have been inconclusive for 
association (Cavazzoni et al., 1996; Souery et al., 1996; Turecki et al., 1997;
Burgert et al., 1998; Jonsson et al., 1998; Souery et al., 1999) or have replicated 
the positive association between the HUMTH01 microsatellite and both bipolar 
disorder (Perez de Castro et al., 1995; Lobos & Todd, 1997; Serretti et al., 1998; 
Serretti et al., 1998; Furlong et al., 1999; Chiba et al., 2000) and schizophrenia
(Wei et al., 1995; Wei et al., 1997; Kurumaji et al., 2001).  

The HUMTH01 microsatellite has also been associated with catecholamine
neurotransmission by measuring catecholamine metabolite levels in lumbar 
cerebrospinal fluid (CSF) (Jonsson et al., 1996) or in plasma (Wei et al., 1995; 
Wei et al., 1997) which are an indirect index of monoamine turnover in the
brain. Moreover, in a clinical study in the original Normandy sample, the
schizophrenic patients bearing the 10p rare allele presented significantly lower 
plasma concentrations of the catecholaminergic metabolites HVA and MHPG,
which are indices of central DA-ergic and NE-ergic function, respectively, as
compared to patients bearing other alleles (Thibaut et al., 1997). 

These results suggest a functional link between allelic variations at the
HUMTH01 marker and TH activity. Indeed, the (TCAT)n motif of this 
microsatellite differs by only one nucleotide from the consensus AP1 sequence 
(TGATTCA) present in the rat and human TH gene (Icard Liepkalns et al.,
1992), a sequence that is specifically recognized by transcription factors of the 
Fos and Jun proto-onco-gene families (Sassone-Corsi et al., 1988). Moreover, a 
less polymorphic HUMTH01 repeated sequence is conserved at its orthologous
position in the first intron of the TH gene in several non-human primate species
(Meyer et al., 1995), hinting that this motif may be an evolutionary conserved 
regulatory element that has expanded in the human lineage.

Therefore, the functional role of the HUMTH01 microsatellite was assessed 
in order to investigate the biological significance of the genetic association
findings. Indeed both the (TCAT)10i and (TCAT)10p alleles enhanced 
transcription when placed upstream from a minimal promoter driving the 
expression of a luciferase reporter gene. Moreover, these repeated sequences
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interacted specifically with factors of the fos/jun type and with an even higher 
affinity with other nuclear proteins (Meloni et al., 1998). Subsequently,
ZNF191, a zinc finger protein, and HBP1, a HMG box transcription factor, were
identified as the proteins specifically binding the TCAT motif. Interestingly, the
specific binding of ZNF191 to the HUMTH01 sequence was correlated in a 
quantitative fashion to the number of TCAT repeats (Albanese et al., 2001).
Moreover, in vitro experiments with a TH-reporter gene construct established HH
that the HUMTH01 microsatellite regulates the TH gene expression by a 
quantitative silencing effect that correlates with the number of repetitions of the 
(TCAT) motif (Albanese et al., 2001). Thus, the HUMTH01 sequence may
participate in the transcriptional regulation of the TH gene by modulating its
expression in a quantitative fashion. Since the (TCAT)n polymorphic sequence
is widespread in the genome and present in other genes, it may provide a 
molecular basis for the modulation of gene expression relevant to the genetics of 
quantitative traits.

2.2. Tryptophan Hydroxylase 

Until recently, only this one gene encoding TPH had been described H

(Boularand et al., 1990; Craig et al., 1991). Since TPH catalyzes the rate-
limiting step in 5-HT synthesis, this gene has been the target of a series of 
genetic studies for psychiatric diseases (Herault et al., 1993; Herault et al., 1994;
Goldman, 1995; Bellivier et al., 1998; Furlong et al., 1998; Gelernter et al., 
1998; Han et al., 1999; Kunugi et al., 1999; McQuillin et al., 1999) with a
specific focus on aggressive behavior and suicidality (Nielsen et al., 1994;
Abbar et al., 1995; Mann et al., 1997; Nielsen et al., 1998; Manuck et al., 1999; 
Rotondo et al., 1999; Vincent et al., 1999; Rujescu et al., 2003) as reviewed by 
Arago (Arango et al., 2003). However, the functional inactivation of the TPH
gene in mice by two different groups has revealed that 5-HT levels were 
depleted in the periphery and in the pineal gland but were in the normal range in
the brain stem (Cote et al., 2003; Walther et al., 2003). These results led to the
detection of a second TPH gene, named H TPH2, which is exclusively expressed 
in the brain stem of humans (Zill et al., 2004), mice (Cote et al., 2003; Zhang 
et al., 2004), and rats (Patel et al., 2004). The classical TPH gene, now called H
TPH1 and whose inactivation results in a pathological cardiovascular phenotype
(Cote et al., 2003), is expressed in the myenteric plexus, spleen, thymus and 
pineal gland. The TPH1 and TPH2 genes have non-overlapping expression
patterns, different functions and are independently regulated, thus rendering 
obsolete the finding of genetic studies on TPH1 and psychiatric diseases. TPH2

has already been associated with major depression (Zill et al., 2004), but not 
with bipolar disorder or suicidality (De Luca et al., 2004).

2.3.  Aromatic Amino Acid Decarboxylase

The AAD, or Dihydroxyphenylalanine (DOPA) Decarboxylase, gene, which
encodes the enzyme involved directly in the synthesis of DA and 5-HT, has
been mapped to chromosome 7p11-p13. A study for bipolar disorder on Danish
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families was negative for linkage in this region (Ewald et al., 1995). Two
putative functional polymorphisms have been described for the AAD gene: a  
1-bp deletion in the promoter and a 4-bp deletion in the untranslated exon 1.
Both deletions affect binding sites for known transcription factors and may thus
affect AAD gene expression (Borglum et al., 1999). A significant association 
was found between the 1-bp deletion and bipolar disorder in a Danish and a 
British sample (Borglum et al., 1999) and between both polymorphism and early
age of onset in schizophrenia (Borglum et al., 2001). However, other studies
failed to reproduce the association between these markers and mood disorders in
a German sample (Jahnes et al., 2002) or autism (Lauritsen et al., 2002). AAD is 
located next to the imprinted gene GRB10 which is expressed specifically from 
the paternal allele in foetal brains. Interestingly, a preferential paternal 
transmission of alleles at the 4-bp insertion/deletion was observed in family 
based (trios formed by the proband and both parents) association studies for 
ADHD (Hawi et al., 2001) and bipolar disorder (Borglum et al., 2003).

2.4. Dopamine ß Hydroxylase

The DBH gene is located on chromosome 9q34 (Craig et al., 1988) and H

encodes the enzyme that catalyses the conversion of DA to NE. Mutations in the 
DBH gene result in lack of sympathetic noradrenergic function and orthostatic H

hypotension (Garland et al., 2002; Deinum et al., 2004). The DBH enzyme is 
localised within the soluble and membrane fractions of secretory catecholamine-
containing vesicles of noradrenergic and adrenergic cells. These two forms, 
which originate from a single mRNA with the first ATG is the only effective 
initiation site, arises from optional cleavage of the signal peptide. The form
retaining the signal peptide is completely associated with the membrane, 
whereas the cleaved form is mostly soluble with only a small portion
membrane-bound (Houhou et al., 1995). The soluble form of the enzyme is
secreted into the circulation from nerve terminals allowing for assaying its
activity in plasma or serum. DBH presents differences in enzymatic activity that 
are stable and appear to be genetically determined to a great extent (Stolk et al.,
1982). Several polymorphisms in the gene have been implicated in these 
variations. A G/T polymorphism at the nucleotide 910 of the coding sequence 
results in a change at amino acid residue 304 between Ala (A) and Ser (S) 
(DBH/A and DBH/S). The resulting proteins have similar kinetic constants, but 
DBH/S has a homospecific activity that is about one thirteenth lower than that of 
human DBH/A (Ishii et al., 1991). The DBH/A allele is the most common allele
in European, African and several other populations with allele frequencies
greater than 0.80 in each sample and significant heterogeneity in allele
frequency across population groups (Cubells et al., 1997). These allelic
differences cannot alone account for the differences in the activity of DBH in 
blood since circulating DBH concentrations also vary considerably in the
general population. Recently a novel polymorphism (-1021 C/T) in the 5’ 
promoter region of the DBH gene was shown to strongly influence plasmaH

DBH-activity, accounting for 35%-52% of its variation in different populations
(Zabetian et al., 2001; Kohnke et al., 2002). A further study showed that 10
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biallelic markers in a 10 Kb surrounding the -1021C/T polymorphisms were all
associated with plasma DBH activity and that this association was strongly
correlated with the degree of Linkage Disequilibrium between each marker and 
the -1021C/T polymorphism (Zabetian et al., 2003). The -1021C/T polymorphism 
is also associated with variation in the concentration of HVA and 5-HIAA in the
CSF (Jönsson et al., 2004). Another association was found between a DBH TaqI H

polymorphism and plasma metabolites of catecholamines (Wei et al., 1998). 
Other polymorphic variants in the DBH gene are represented by a GTH

dinucleotide microsatellite, a single-base, 444 g/a, substitution at the 3’ end of 
DBH exon 2 and a di-allelic variant, DBH5’-ins/del, located approximately 3 kb H
5’ to the DBH transcriptional start site. All these markers, which are in linkage H

disequilibrium, were also associated with plasma DBH activity. (Wei et al., 
1997; Cubells et al., 1998; Cubells et al., 2000; Jönsson et al., 2004). Moreover,
the 444 g/a marker was also associated with differences in DBH concentration
in the CSF (Cubells et al., 1998; Zabetian et al., 2003).

Psychiatric genetic studies using the polymorphisms at the DBH gene haveH

shown a significant association between the DBH TaqI polymorphism and H
ADHD (Daly et al., 1999). Also, albeit it did not reach statistical significance, 
the DBH GT repeat 4 allele, which is associated with high serum levels of DBH, H
occurred more frequently in the ADHD group than controls, (Müller Smith 
et al., 2003). However, other groups failed in replicating these results either with 
the TaqI polymorphism (Wigg et al., 2002) or with other markers (Hawi et al., 
2003). A positive association was shown between the DBH 5’del-444a H
haplotype and cocaine-induced paranoia (Cubells et al., 2000) as well as non-
response to antipsychotic drug treatment in schizophrenic patients (Yamamoto
et al., 2003). Other studies using a DBH -1021 C/T variant found no positiveH

association with schizophrenia (Jonsson et al., 2003) or unipolar major 
depression with psychotic features (Cubells et al., 2002). These results may
indicate that the DBH gene is indirectly involved in schizophrenia as aH

modulatory factor of psychotic symptoms, severity of the disorder and 
therapeutic response to neuroleptic drugs.

2.5. Mono-Amino-Oxydase 

MAO-A and MAO-B genes are situated on the X chromosome at Xp11.
23–11.4 and result from the duplication of a common ancestral gene. In humans
both genes are deleted in patients with Norrie’s disease, a rare X-linked 
recessive neurological disorder characterized by blindness, hearing loss, and 
mental retardation (Lan et al., 1989). A point deletion in the MAO-A gene was 
discovered in a Dutch family. This mutation resulted in a complete MAO-A 
inactivation and was linked to abnormally aggressive behavior in the males from
this family (Brunner et al., 1993). Conversely MAO-A deficient mice show an
increased aggressivity in males that is related to increased levels of 5-HT and 
NE during development and result in brain structural changes (Cases et al.,
1995). A functional polymorphism located in the MAO-A gene promoter 1.2 kb
upstream of the encoding sequence, consists of a 30 bp repeated sequence
present in 3, 3.5, 4, or 5 copies. This polymorphism displays significant 
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variations in allele frequencies across ethnic groups and is able to affect the 
transcriptional activity of the MAO-A gene promoter (Sabol et al., 1998). 

Genetic studies with this polymorphism have found that the high-activity
MAO-A gene promoter alleles were associated with panic disorder (Deckert  
et al., 1999) and major depressive disorder (Schulze et al., 2000) in females, 
while the low activity alleles were associated with schizophrenia in males
(Jonsson et al., 2003). Other studies have yielded negative results for panic
disorders (Hamilton et al., 2000), schizophrenia (Syagailo et al., 2001; Fan et al.,
2004) and mood disorders (Kunugi et al., 1999; Jorm et al., 2000; Furlong et al.,
1999; Kirov et al., 1999; Syagailo et al., 2001; Huang et al., 2004). 

However, more probant results have been found when genetic studies have
taken into account an environmental component. A leading study has shown that 
this functional polymorphism can modulate the association between childhood
maltreatment and subsequent antisocial behavior. In males, who have only one 
copy of the X chromosome, the MAO-A functional polymorphism confers either 
a high or a low activity genotype. The low activity MAO-A genotype is 
associated with antisocial behavior in up to 85% of a cohort of males who had 
been severely maltreated in their childhood but not in boys who had suffered 
little or no abuse. In contrast, the high activity MAO-A genotype has a protective
effect from developing antisocial behavior in maltreated children (Caspi et al.,
2002). Women have two X chromosomes and heterozygous low/high MAO-A

activity cannot be characterized since one of the alleles is randomly inactivated.
Therefore, albeit a similar trend for association between MAO-A genotype,
antisocial behavior and child maltreatment, was present, these results were less 
straightforward than for males since the whole female sample cannot be 
analyzed correctly. However, taken together, these results show a clear influence
of the MAO-A genotype in the behavioral effects of an environmental factor and 
may help in understanding the marked differences in the frequency of antisocial
behavior between sexes (Caspi et al., 2002). Interestingly, in a study of healthy
volunteers the functional high activity genotype was correlated with higher 
cerebrospinal fluid concentrations of HVA and 5-HIAA in women, while an
opposite trend was observed in men (Jonsson et al., 2000).

The association between the lower expression MAO-A genotype and 
antisocial behavior consequent to childhood maltreatment has been replicated by 
another group (Foley et al., 2004). This risk genotype has also been associated 
with impulsive traits in males that have experienced early abuse (Huang et al.,
2004) and with pathological gambling in males (Ibanez et al., 2000). 

2.6. Catechol-O-Methyl-Transferase 

The COMT gene, localized to chromosome 22q11.1-q11.2, encodes aT
soluble (S-COMT) and a membrane-bound (MB-COMT) form of the enzyme,
the latter characterized by an additional 50 amino acids at the N-terminalNN
(Bertocci et al., 1991; Grossman et al., 1992). The two length variants of the
COMT are expressed from two mRNA transcripts: a long mRNA, which is able
to transcribe both S-COMT and MB-T COMT from two different initiation sites,T

and a short mRNA producing S-COMT only. The long mRNA and the larger T
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MB-COMT are predominant in the brain while the short mRNA and the 
S-COMT prevail in the other tissues (Tenhunen et al., 1994; Lundstrom et al.,
1995).  

The COMT enzymatic activity shows high, intermediate and low rates
consistent with inheritance of two codominant alleles (Weinshilboum, 1978). 
This difference in enzyme activity is independent from protein length variations 
but is caused by an amino acid substitution. A G /A polymorphism in exon 4 at 
position 472 in the long mRNA, and 322 in the short mRNA, results in a Val to 
Met amino acid change at codon 158 of MB-COMT and codon 108 of S-COMT. TT
The G (Val) allele encodes the thermostable, high activity form of the enzyme,
while the A (Met) allele encodes the thermolabile, low activity variant that 
exhibits a 3 to 4 fold decrease in the enzymatic activity level ((Lachman et al.,
1996; Lotta et al., 1995). The G (Val) and A (Met) alleles correspond also to the
absence or presence, respectively, of a NlaIII polymorphic restriction site that 
allows for easily genotyping the functional variations (Karayiorgou et al., 1998).

COMT is an obvious T a priori candidate gene for neuropsychiatric disorders
that involve dopaminergic or noradrenergic systems (for review see Palmatier 
et al., 1999) but also a strong positional candidate gene for schizophrenia l
because of its chromosomal location in the locus of the velocardiofacial
syndrome (VCF). Microdeletions of 22q11 are associated with VCF which is 
characterized by congenital abnormalities, learning difficulties, and psychosis in 
up to one third of patients. Conversely, the deletion is also 80-fold more
common in patients with psychosis compared to the normal population (Sugama 
et al., 1999). Both linkage and association studies have implied that 
chromosome 22q11 is a locus for schizophrenia (Pulver et al., 1994; Pulver et 
al., 1994; Karayiorgou et al., 1995; Karayiorgou & Gogos, 1997). The case-
control association approach has consequently been used to study the role of 
COMT in schizophrenia and other psychiatric diseases, mostly using theT

Val108/158Met polymorphism. Positive associations have been found between 
COMT and schizophrenia (Ohmori et al., 1998; de Chaldee et al., 1999),T

violence in schizophrenia (Lachman et al., 1998), bipolar disorder (Li et al.,
1997; Mynett-Johnson et al., 1998), unipolar disorder (Ohara et al., 1998),
bipolar disorder or ADHD in VCFS patients (Lachman et al., 1996), OCD
(Karayiorgou et al., 1997), drug abuse (Vandenbergh et al., 1997) and 
Parkinson’s disease (Kunugi et al., 1997). However, other studies have excluded 
a major contribution of the COMT gene to schizophrenia (Daniels et al., 1996;T

Chen et al., 1997; Strous et al., 1997; Karayiorgou et al., 1998; Wei & 
Hemmings, 1999), bipolar disorder (Craddock et al., 1997; Gutierrez et al.,
1997; Kunugi et al., 1997; Lachman et al., 1997; Geller & CookJr., 2000), 
ADHD or bipolar disorder in VCF syndrome patients (Lachman et al., 1996), 
substance abuse and violence (Lachman et al., 1998; Vandenbergh et al., 1997),
as well as Parkinson’s disease (Hoda et al., 1996; Syvanen et al., 1997; Xie  
et al., 1997).  

These conflicting results have prompted a meta-analysis indicating that the 
COMT Met allele that characterizes the instable form of the enzyme with low T

activity phenotype, is not associated with schizophrenia (Lohmueller et al., 
2003). However, a new association study conducted in a genetically
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homogeneous population yielded a highly significant association between a
COMT haplotype and schizophrenia (Shifman et al., 2003). This study is the
largest case/control analysis in schizophrenia that has been reported with more
than 700 patients and 4,000 control subjects. Genotyping was conducted using
12 SNPs, comprising the Val108/158Met polymorphism, across the COMT 
gene, and haplotypes with 7 of these SNPs were established in the large sample
of an Israeli Ashkenazi Jewish population. This population has the advantage of 
presenting a founder effect that allows for reducing genetic heterogeneity thus
increasing gene effect, and avoiding false-positive results due to population 
stratification. 

The association between schizophrenia and the Val108/158Met poly-
morphism was moderate, but extremely high levels of statistical significance
were attained when this marker was analyzed as part of a haplotype including
two other noncoding SNPs that were more significantly associated with
schizophrenia. Moreover, one of these polymorphisms represented a higher risk 
factor essentially for women than men, hinting at a possible sex-specific genetic
component in schizophrenia. These results confirmed a complex association of 
the COMT locus to schizophrenia and suggested that other functional variants
besides the Val108/158Met polymorphism are likely to be involved in 
susceptibility to schizophrenia (Shifman et al., 2003). In the impetus produced 
by this study a significant association was also found between bipolar disorder 
and the allele and haplotype in the COMT gene found to be associated with 
schizophrenia. Moreover, the relative risk, as for schizophrenia, was higher in
women (Shifman et al., 2004). 

In addition to these association studies, the role of COMT in schizophreniaT
and other neuropsychiatric diseases is further supported by functional genetic
studies that have essentially focused on the Val108/158Met polymorphism. A
large amount of experimental data suggest that heritable abnormalities of 
prefrontal dopamine function is a prominent feature of schizophrenia (Grace,
1991; Grace, 1993; Moore et al., 1999). COMT may constitute a major 
contributor to these abnormalities by virtue of its unique role in regulating DA-
mediated prefrontal information processing, since COMT inhibitors can improve
working memory in both rodents and humans (Weinberger et al., 2001). In this
perspective, a study combining a genetic and a functional approach has shown 
that the Val allele of the Val108/158Met polymorphism that characterizes the 
high activity form of the COMT occurs at higher rates in both schizophrenics T
and their unaffected siblings. Moreover, patients and siblings bearing this allele
performed poorly on the Wisconsin card sorting test (a neuropsychological test 
of frontal lobe function for working memory) and manifested inefficient brain 
activation as assessed by functional magnetic resonance imaging (fMRI) (Egan
et al., 2001). Interestingly, amphetamine, a drug that increases DA-ergic
neurotransmission, enhances the efficiency of prefrontal cortex function as
assayed with fMRI during a working memory task in subjects with the high
activity val/val genotype but not in subjects with the low activity met/met
genotype (Mattay et al., 2003). Moreover, this polymorphism is also associated 
with personality traits, as assessed by the tridimensional personality question-
naire (Benjamin et al., 2000; Benjamin et al., 2000). Also, homozygosity for the 
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Met allele is associated, particularly in schizophrenic patients, with lower frontal
P300 amplitudes which is an index of DA-ergic efficacy in reducing noise 
during information processing (Gallinat et al., 2003). In agreement with these 
findings and with the results of the association studies in Ashkenazi Jews
(Shifman et al., 2004; Shifman et al., 2003), the analysis of the allele-specific 
expression using mRNA from human brains indicated that the haplotype
implicated in schizophrenia and bipolar disorder is associated with lower 
expression of COMT mRNA (Bray et al., 2003). T

These findings suggest that the COMT Val allele impairs prefrontal 
cognition and physiology and, by virtue of this effect, may condition some
pathological features of schizophrenia, thus contributing, with other sequence 
variations at the COMT locus, to the increase of the risk for schizophrenia. T

3. CONCLUSIONS

The hypothesis driven genetic studies on the implication in neuro-
psychiatric diseases of the genes coding for the MA metabolizing enzymes have
produced an impressive amount of data. Among contrasting results issued from 
genetic linkage or association studies using anonymous markers, a common 
trend has emerged related to the implication of functional polymorphisms in
normal and pathological phenotypes. A composite approach that goes beyond 
mere genetic analysis has permitted to progress from identifying genetic variants
in the MA metabolizing genes and their association with disease, to their 
potential impact on gene function in vitro and to gene expression and function in 
the human brain. Major improvement in this task has been achieved by the 
utilization of very large patient cohorts, a better definition of the phenotype
investigated and the focalization of the recruitment in genetically homogeneous 
populations. Another fundamental improvement has been introduced by the
evaluation of environmental variants in assessing the genetic components of 
pathological behavior as well as the coupling of genetic studies with 
neuroimaging techniques. The results obtained to date let us foresee that it will 
be possible in the near future to clearly identify several endophenotypes as
measurable variants linking a genetic polymorphism to a simple biological trait.
This, in turn, will help in to dissect more complex behavioral phenotypes and to
elucidate the molecular bases underlying the quantitative genetic origin of 
complex diseases. In this context, molecular genetic studies on the genes of the 
MA metabolizing system may open new perspectives for understanding brain
function in normal and pathological conditions.

4. AKNOWLEDGEMENTS

The authors wish to thank Susan Orsoni for useful comments in editing this 
manuscript. 

276



PSYCHOPHARMACOGENETICS 

 

5. REFERENCES 

Abbar, M., Courtet, P., Amadeo, S., Caer, Y., Mallet, J., Baldy, M. M., Castelnau, D., & Malafosse,
A., 1995, Suicidal behaviors and the tryptophan hydroxylase gene, Arch Gen Psychiatry.

52: 846-849. 
Abi-Dargham, A., Gil, R., Krystal, J., Baldwin, R. M., Seibyl, J. P., Bowers, M., van Dyck, C. H.,

Charney, D. S., Innis, R. B., & Laruelle, M., 1998, Increased Striatal Dopamine 
Transmission in Schizophrenia: Confirmation in a Second Cohort, Am J Psychiatry. 155: 
761-767. 

Abi-Dargham, A., Rodenhiser, J., Printz, D., Zea-Ponce, Y., Gil, R., Kegeles, L. S., Weiss, R.,
Cooper, T. B., Mann, J. J., Van Heertum, R. L., Gorman, J. M., & Laruelle, M., 2000, 
Increased baseline occupancy of D2 receptors by dopamine in schizophrenia, PNAS. 97: 
8104-8109. 

Albanese, V., Biguet, N. F., Kiefer, H., Bayard, E., Mallet, J., & Meloni, R., 2001, Quantitative 
effects on gene silencing by allelic variation at a tetranucleotide microsatellite, Hum Mol 

Genet. 10: 1785-1792.
Arango, V., Huang, Y.-y., Underwood, M. D., & Mann, J. J., 2003, Genetics of the serotonergic

system in suicidal behavior, Journal of Psychiatric Research. 37: 375-386.
Bellivier, F., Leboyer, M., Courtet, P., Buresi, C., Beaufils, B., Samolyk, D., Allilaire, J. F., 

Feingold, J., Mallet, J., & Malafosse, A., 1998, Association between the tryptophan
hydroxylase gene and manic- depressive illness, Arch Gen Psychiatry. 55: 33-37.

Benjamin, J., Osher, Y., Kotler, M., Gritsenko, I., Nemanov, L., Belmaker, R. H., & Ebstein, R. P., 
2000, Association between tridimensional personality questionnaire (TPQ) traits and 
three functional polymorphisms: Dopamine receptor D4 (DRD4), serotonin transporter 
promoter region (5-HTTLPR) and catechol O-methyltransferase (COMT), Molecular 

Psychiatry. 5: 96-100. 
Benjamin, J., Osher, Y., Lichtenberg, P., Bachner-Melman, R., Gritsenko, I., Kotler, M., Belmaker, 

R. H., Valsky, V., Drendel, M., & Ebstein, R. P., 2000, An interaction between the
catechol O-methyltransferase and serotonin transporter promoter region polymorphisms 
contributes to tridimensional personality questionnaire persistence scores in normal 
subjects, Neuropsychobiology. 41: 48-53.

Bertocci, B., Miggiano, V., Da Prada, M., Dembic, Z., Lahm, H. W., & Malherbe, P., 1991, Human 
catechol-O-methyltransferase: cloning and expression of the membrane-associated form, 
PNAS. 88: 1416-1420.

Boehm, S., & Kubista, H., 2002, Fine Tuning of Sympathetic Transmitter Release via Ionotropic and 
Metabotropic Presynaptic Receptors, Pharmacol Rev. 54: 43-99. 

Borglum, A., Bruun, T., Kjeldsen, T., Ewald, H., Mors, O., Kirov, G., Russ, C., Freeman, B., 
Collier, D., & Kruse, T., 1999, Two novel variants in the DOPA decarboxylase gene:
association with bipolar affective disorder, Mol Psychiatry. 4: 545-551. 

Borglum, A., Hampson, M., Kjeldsen, T., Muir, W., Murray, V., Ewald, H., Mors, O., Blackwood, 
D., & Kruse, T., 2001, Dopa decarboxylase genotypes may influence age at onset of 
schizophrenia, Mol Psychiatry. 6: 712-717. 

Borglum, A., Kirov, G., Craddock, N., Mors, O., Muir, W., Murray, V., McKee, I., Collier, D., 
Ewald, H., Owen, M., Blackwood, D., & Kruse, T., 2003, Possible parent-of-origin effect 
of Dopa decarboxylase in susceptibility to bipolar affective disorder, Am J Med Genet. 

117B: 18-22. 
Boularand, S., Darmon, M. C., Ganem, Y., Launay, J. M., & Mallet, J., 1990, Complete coding

sequence of human tryptophan hydroxylase, Nucleic Acids Res. 18: 4257.
Bray, N., Buckland, P., Williams, N., Williams, H., Norton, N., Owen, M., & O’Donovan, M., 2003, 

A haplotype implicated in schizophrenia susceptibility is associated with reduced COMT 
expression in human brain, Am J Hum Genet. 73: 152-161. 

Brinkmann, B., Sajantila, A., Goedde, H., Matsumoto, H., Nishi, K., & Wiegand, P., 1996,
Population genetic comparisons among eight populations using allele frequency and 
sequence data from three microsatellite loci, Eur J Hum Genet. 4: 175-182.

Brunner, H. G., Nelen, M., Breakfield, X. O., Ropers, H. H., & Van Oost, B., 1993, Abnormal
Behavior Associated with a Point Mutation in the Structural Gene for Monoamine 
Oxidase A, Science. 262: 578-580. 

277 



                                                                                                                      R. MELONI ET AL.

Burgert, E., Crocq, M. A., Bausch, E., Macher, J. P., & Morris-Rosendahl, D. J., 1998, No 
association between the tyrosine hydroxylase microsatellite marker HUMTH01 and 
schizophrenia or bipolar I disorder, Psychiatr Genet. 8: 45-48. 

Byerley, W., Plaetke, R., Hoff, M., Jensen, S., Holik, J., Reimherr, F., Mellon, C., Wender, P., 
O’Connell, P., & Leppert, M., 1992, Tyrosine hydroxylase gene not linked to manic-
depression in seven of eight pedigrees, Hum Hered. 42: 259-263. 

Byerley, W., Plaetke, R., Hoff, M., Jensen, S., Leppert, M., Holik, J., Reimherr, F., Wender, P., 
Waldo, M., Myles-Worsley, M., Freedman, R., & O’Connell, P., 1993, Tyrosine 
hydroxylase gene not linked to schizophrenia in nine pedigrees, Psychiatric Genet. 3:  
29-31.

Carlsson, A., 1988, The current status of the dopamine hypothesis of schizophrenia,
Neuropsychopharmacology. 1: 179-186.

Cases, O., Self, I., Grimsby, J., Gaspar, P., Chen, K., Pournin, S., Muller, U., Aguet, M., Babinet, C.,
Shih, J. C., & De Maeyer, E., 1995, Aggressive behavior and altered amounts of brain 
serotonin and norepinephrine in mice lacking MAOA, Science. 268: 1763-1766.

Caspi, A., McClay, J., Moffitt, T. E., Mill, J., Martin, J., Craig, I. W., Taylor, A., & Poulton, R.,
2002, Role of Genotype in the Cycle of Violence in Maltreated Children, Science. 297: 
851-854. 

Cavazzoni, P., Alda, M., Turecki, G., Rouleau, G., Grof, E., Martin, R., Duffy, A., & Grof, P., 1996, 
Lithium-responsive affective disorders: no association with the tyrosine hydroxylase 
gene, Psychiatry Res. 64: 91-96.

Chen, C. H., Lee, Y. R., Wei, F. C., Koong, F. J., Hwu, H. G., & Hsiao, K. J., 1997, Association 
study of NlaIII and MspI genetic polymorphisms of catechol-O-methyltransferase gene 
and susceptibility to schizophrenia, Biological Psychiatry. 41: 985-987. 

Chiba, M., Suzuki, S., Hinokio, Y., Hirai, M., Satoh, Y., Tashiro, A., Utsumi, A., Awata, T., Hongo, 
M., & Toyota, T., 2000, Tyrosine hydroxylase gene microsatellite polymorphism 
associated with insulin resistance in depressive disorder, Metabolism. 49: 1145-1149.

Cote, F., Thevenot, E., Fligny, C., Fromes, Y., Darmon, M., Ripoche, M.-A., Bayard, E., Hanoun,
N., Saurini, F., Lechat, P., Dandolo, L., Hamon, M., Mallet, J., & Vodjdani, G., 2003, 
Disruption of the nonneuronal tph1 gene demonstrates the importance of peripheral
serotonin in cardiac function, PNAS. 100: 13525-13530.

Craddock, N., Spurlock, G., McGuffin, P., Owen, M. J., Nosten-Bertrand, M., Bellivier, F., Meloni, 
R., Leboyer, M., Mallet, J., Mynett-Johnson, L., Murphy, V., McKeon, P., Kirov, G.,
Powell, J., Kunugi, H., Collier, D., Larosa, M., Nacmias, B., Sorbi, S., Schwab, S.,
Ackenheil, M., & Maier, W., 1997, No association between bipolar disorder and alleles at 
a functional polymorphism in the COMT gene, British Journal of Psychiatry. 170:  
526-528. 

Craig, S. P., Boularand, S., Darmon, M. C., Mallet, J., & Craig, I. W., 1991, Localization of human 
tryptophan hydroxylase (TPH) to chromosome 11p15.3-p14 by in situ hybridization,
Cytogenet Cell Genet. 56: 157-159.

Craig, S. P., Buckle, V. J., Lamouroux, A., Mallet, J., & Craig, I. W., 1988, Localization of the 
human dopamine beta hydroxylase (DBH) gene to chromosome 9q34, Cytogenet Cell 

Genet. 48: 48-50.
Cubells, J. F., Kobayashi, K., Nagatsu, T., Kidd, K. K., Kidd, J. R., Calafell, F., Kranzler, H. R., 

Ichinose, H., & Gelernter, J., 1997, Population genetics of a functional variant of the
dopamine beta-hydroxylase gene (DBH), American Journal Of Medical Genetics. 74: 
374-379.

Cubells, J. F., Kranzler, H. R., McCance-Katz, E., Anderson, G. M., Malison, R. T., Price, L. H., & 
Gelernter, J., 2000, A haplotype at the DBH locus, associated with low plasma dopamine
beta-hydroxylase activity, also associates with cocaine-induced paranoia, Molecular 

Psychiatry. 5: 56-63. 
Cubells, J. F., Price, L. H., Meyers, B. S., Anderson, G. M., Zabetian, C. P., Alexopoulos, G. S., 

Nelson, J. C., Sanacora, G., Kirwin, P., & Carpenter, L., 2002, Genotype-controlled
analysis of plasma dopamine [beta]-hydroxylase activity in psychotic unipolar major 
depression, Biological Psychiatry. 51: 358-364.

Cubells, J. F., van Kammen, D. P., Kelley, M. E., Anderson, G. M., O’Connor, D. T., Price, L. H.,
Malison, R., Rao, P. A., Kobayashi, K., Nagatsu, T., & Gelernter, J., 1998, Dopamine 
beta-hydroxylase: two polymorphisms in linkage disequilibrium at the structural gene
DBH associate with biochemical phenotypic variation, Human Genetics. 102: 533-540. 

278



PSYCHOPHARMACOGENETICS 

 

Daly, G., Hawi, Z., Fitzgerald, M., & Gill, M., 1999, Mapping susceptibility loci in attention deficit 
hyperactivity disorder: preferential transmission of parental alleles at DAT1, DBH and 
DRD5 to affected children, Mol Psychiatry. 4: 192-196.

Daniels, J. K., Williams, N. M., Williams, J., Jones, L. A., Cardno, A. G., Murphy, K. C., Spurlock, 
G., Riley, B., Scambler, P., Asherson, P., McGuffin, P., & Owen, M. J., 1996, No
evidence for allelic association between schizophrenia and a polymorphism determining
high or low catechol O-methyltransferase activity, American Journal of Psychiatry. 153: 
268-270. 

de Chaldee, M., Laurent, C., Thibaut, F., Martinez, M., Samolyk, D., Petit, M., Campion, D., & 
Mallet, J., 1999, Linkage disequilibrium on the COMT gene in French schizophrenics
and controls, Am J Med Genet. 88: 452-457. 

De Luca, V., Mueller, D. J., Tharmalingam, S., King, N., & Kennedy, J. L., 2004, Analysis of the

Deckert, J., Catalano, M., Syagailo, Y., Bosi, M., Okladnova, O., Di Bella, D., Nothen, M., Maffei,
P., Franke, P., Fritze, J., Maier, W., Propping, P., Beckmann, H., Bellodi, L., & Lesch, 
K., 1999, Excess of high activity monoamine oxidase A gene promoter alleles in female 
patients with panic disorder, Hum. Mol. Genet. 8: 621-624. 

Deinum, J., Steenbergen-Spanjers, G. C. H., Jansen, M., Boomsma, F., Lenders, J. W. M., van 
Ittersum, F. J., Huck, N., van den Heuvel, L. P., & Wevers, R. A., 2004, DBH gene
variants that cause low plasma dopamine {beta} hydroxylase with or without a severe 
orthostatic syndrome, J Med Genet. 41: e38-. 

Detera-Wadleigh, S., Berrettini, W., Goldin, L., Boorman, D., Anderson, S., & Gershon, E., 1987, 
Close linkage of c-Harvey-ras-1 and the insulin gene to affective disorder is ruled out in
three North American pedigrees, Nature. 325: 806-808. 

Dreher, J.-C., & Burnod, Y., 2002, An integrative theory of the phasic and tonic modes of dopamine 
modulation in the prefrontal cortex, Neural Networks. 15: 583-602. 

Egan, M. F., Goldberg, T. E., Kolachana, B. S., Callicott, J. H., Mazzanti, C. M., Straub, R. E.,
Goldman, D., & Weinberger, D. R., 2001, Effect of COMT Val108/158 Met genotype on
frontal lobe function and risk for schizophrenia, PNAS. 98: 6917-6922. 

Egeland, J. A., Gerhard, D. S., Pauls, D. L., Sussex, J. N., Kidd, K. K., Allen, C. R., Hostetter, A.
M., & Housman, D. E., 1987, Bipolar affective disorders linked to DNA markers on 
chromosome 11, Nature. 325: 783-787. 

Erickson, J. D., Schafer, M. K.-H., Bonner, T. I., Eiden, L. E., & Weihe, E., 1996, Distinct 
pharmacological properties and distribution in neurons and endocrine cells of two
isoforms of the human vesicular monoamine transporter, PNAS. 93: 5166-5171.

Ewald, H., Mors, O., Eiberg, H., Flint, T., & Kruse, T. A., 1995, No evidence of linkage between 
manic depressive illness and the dopa decarboxylase gene or nearby region on 
chromosome 7p, Psychiatr Genet. 5: 161-169. 

Fan, J.-B., Yang, M.-S., Tang, J.-X., He, L., Xing, Y.-L., Shi, J.-G., Zhao, S.-M., Zhu, S.-M., Ji,  
L.-P., Gu, N.-F., Feng, G.-Y., & St Clair, D., 2004, Family-based association study of the
functional monoamine oxidase A gene promoter polymorphism and schizophrenia,
Schizophrenia Research. 67: 107-109. 

Foley, D. L., Eaves, L. J., Wormley, B., Silberg, J. L., Maes, H. H., Kuhn, J., & Riley, B., 2004, 
Childhood adversity, Monoamine Oxidase A genotype, and risk for conduct disorder,
Archives of General Psychiatry. 61: 738-744.

Furlong, R., Ho, L., Walsh, C., Rubinsztein, J., Jain, S., Paykel, E., Easton, D., & Rubinsztein, D.,
1998, Analysis and meta-analysis of two serotonin transporter gene polymorphisms in
bipolar and unipolar affective disorders, Am J Med Genet. 81: 58-63. 

Furlong, R. A., Ho, L., Rubinsztein, J. S., Walsh, C., Paykel, E. S., & Rubinsztein, D. C., 1999, 
Analysis of the monoamine oxidase A (MAOA) gene in bipolar affective disorder by 
association studies, meta-analyses, and sequencing of the promoter, American Journal of 

Medical Genetics - Neuropsychiatric Genetics. 88: 398-406. 
Furlong, R. A., Rubinsztein, J. S., Ho, L., Walsh, C., Coleman, T. A., Muir, W. J., Paykel, E. S.,

Blackwood, D. H., & Rubinsztein, D. C., 1999, Analysis and metaanalysis of two
polymorphisms within the tyrosine hydroxylase gene in bipolar and unipolar affective
disorders, Am J Med Genet. 88: 88-94.

Gainetdinov, R. R., & Caron, M. G., 2003, Monoamine transporters: from genes to behavior, Annual 

Review of Pharmacology and Toxicology. 43: 261-284.

279 

novel TPH2 gene in bipolar disorder and suicidality, Molecular Psychiatry. 9: 896-897.



                                                                                                                      R. MELONI ET AL.

Gallinat, J., Bajbouj, M., Sander, T., Schlattmann, P., Xu, K., Ferro, E. F., Goldman, D., & Winterer, 
G., 2003, Association of the G1947A COMT (Val108/158Met) gene polymorphism with
prefrontal P300 during information processing, Biological Psychiatry. 54: 40-48.

Garland, E. M., Hahn, M. K., Ketch, T. P., Keller, N. R., Kim, C.-H., Kim, K.-S., Biaggioni, I.,
Shannon, J. R., Blakely, R. D., & Robertson, D., 2002, Genetic Basis of Clinical 
Catecholamine Disorders, Ann NY Acad Sci. 971: 506-514. 

Gelernter, J., Kranzler, H., & Lacobelle, J., 1998, Population studies of polymorphisms at loci of 
neuropsychiatric interest (tryptophan hydroxylase (TPH), dopamine transporter protein 
(SLC6A3), D3 dopamine receptor (DRD3), apolipoprotein E (APOE), mu opioid receptor 
(OPRM1), and ciliary neurotrophic factor (CNTF)), Genomics. 52: 289-297. 

Geller, B., & CookJr., E. H., 2000, Ultradian rapid cycling in prepubertal and early adolescent 
bipolarity is not in transmission disequilibrium with val/met COMT alleles, Biological 

Psychiatry. 47: 605-609. 
Gerhard, D., LaBuda, M., Bland, S., Allen, C., Egeland, J., & Pauls, D., 1994, Initial report of a 

genome search for the affective disorder predisposition gene in the old order Amish
pedigrees: chromosomes 1 and 11, Am J Med Genet. 54: 398-404.

Gershon, E., Goldin, L., Badner, J., & Berrettini, W., 1996, Detection of linkage to affective 
disorders in the catalogued Amish pedigrees, Am J Hum Genet. 58: 1381-1385. 

Gill, M., Castle, D., Hunt, N., Clements, A., Sham, P., & Murray, R. M., 1991, Tyrosine 
hydroxylase polymorphisms and bipolar affective disorder, J Psychiatr Res. 25: 179-184. 

Ginns, E., Egeland, J., Allen, C., Pauls, D., Falls, K., Keith, T., & Paul, S., 1992, Update on the 
search for DNA markers linked to manic-depressive illness in the Old Order Amish, 
J Psychiatr Res. 26: 305-308. 

Ginns, E., Ott, J., Egeland, J., Allen, C., Fann, C., Pauls, D., Weissenbachoff, J., Carulli, J., Falls, K., 
Keith, T., & Paul, S., 1996, A genome-wide search for chromosomal loci linked to 
bipolar affective disorder in the Old Order Amish, Nat Genet. 12: 431-435. 

Goldman, D., 1995, Candidate genes in alcoholism, Clin Neurosci. 3: 174-181. 
Grace, A. A., 1991, Phasic versus tonic dopamine release and the modulation of dopamine system

responsivity: A hypothesis for the etiology of schizophrenia, Neuroscience. 41: 1-24.
Grace, A. A., 1993, Cortical regulation of subcortical dopamine systems and its possible relevance to 

schizophrenia, J Neural Transm Gen Sect. 91: 111-134. 
Gross, C., & Hen, R., 2004, The developmental origins of anxiety, Nat Rev Neurosci. 5: 545-552.
Grossman, M. H., Emanuel, B. S., & Budarf, M. L., 1992, Chromosomal mapping of the human

catechol-O-methyltransferase gene to 22q11.1->q11.2, Genomics. 12: 822-825. 
Gurling, H., Smyth, C., Kalsi, G., Moloney, E., Rifkin, L., O’Neill, J., Murphy, P., Curtis, D., 

Petursson, H., & Brynjolfsson, J., 1995, Linkage findings in bipolar disorder, Nat Genet. 

10: 8-9.
Gutierrez, B., Bertranpetit, J., Guillamat, R., Valles, V., Arranz, M. J., Kerwin, R., & Fananas, L., 

1997, Association analysis of the catechol O-methyltransferase gene and bipolar affective 
disorder, American Journal of Psychiatry. 154: 113-115.

Hamilton, S., Slager, S., Heiman, G., Haghighi, F., Klein, D., Hodge, S., Weissman, M., Fyer, A., &
Knowles, J., 2000, No genetic linkage or association between a functional promoter
polymorphism in the monoamine oxidase-A gene and panic disorder, Mol Psychiatry. 5: 
465-456. 

Han, L., Nielsen, D. A., Rosenthal, N. E., Jefferson, K., Kaye, W., Murphy, D., Altemus, M., 
Humphries, J., Cassano, G., Rotondo, A., Virkkunen, M., Linnoila, M., & Goldman, D.,
1999, No coding variant of the tryptophan hydroxylase gene detected in seasonal
affective disorder, obsessive-compulsive disorder, anorexia nervosa, and alcoholism, Biol 

Psychiatry. 45: 615-619.
Hawi, Z., Foley, D., Kirley, A., McCarron, M., Fitzgerald, M., & Gill, M., 2001, Dopa 

decarboxylase gene polymorphisms and attention deficit hyperactivity disorder (ADHD):
no evidence for association in the Irish population, Mol Psychiatry. 6: 420-424.

Hawi, Z., Lowe, N., Kirley, A., Gruenhage, F., Nothen, M., Greenwood, T., Kelsoe, J., Fitzgerald,
M., & Gill, M., 2003, Linkage disequilibrium mapping at DAT1, DRD5 and DBH 
narrows the search for ADHD susceptibility alleles at these loci, Mol Psychiatry. 8: 
299-308. 

Herault, J., Martineau, J., Petit, E., Perrot, A., Sauvage, D., Barthelemy, C., Mallet, J., Muh, J. P., & 
Lelord, G., 1994, Genetic markers in autism: association study on short arm of 
chromosome 11, J Autism Dev Disord. 24: 233-236.

280



PSYCHOPHARMACOGENETICS 

 

Herault, J., Perrot, A., Barthelemy, C., Buchler, M., Cherpi, C., Leboyer, M., Sauvage, D., Lelord, 
G., Mallet, J., & Muh, J. P., 1993, Possible association of c-Harvey-Ras-1 (HRAS-1) 
marker with autism, Psychiatry Res. 46: 261-267.

Hoda, F., Nicholl, D., Bennett, P., Arranz, M., Aitchison, K. J., Al-Chalabi, A., Kunugi, H., Vallada,
H., Leigh, P. N., Chaudhuri, K. R., & Collier, D. A., 1996, No Association between
Parkinson’s Disease and Low-Activity Alleles of CatecholO-Methyltransferase, 
Biochemical and Biophysical Research Communications. 228: 780-784.

Hodgkinson, S., Sherrington, R., Gurling, H., Marchbanks, R., Reeders, S., Mallet, J., McInnis, M.,
Petursson, H., & Brynjolfsson, J., 1987, Molecular genetic evidence for heterogeneity in 
manic depression, Nature. 325: 805-806. 

Houhou, L., Lamouroux, A., Faucon Biguet, N., & Mallet, J., 1995, Expression of Human 
Dopamine-Beta-Hydroxylase in Mammalian Cells Infected by Recombinant Vaccinia 
Virus, J. Biol. Chem. 270: 12601-12606. 

Huang, Y., Cate, S., Battistuzzi, C., Oquendo, M., Brent, D., & Mann, J., 2004, An association 
between a functional polymorphism in the monoamine oxidase a gene promoter, 
impulsive traits and early abuse experiences, Neuropsychopharmacology. 29: 1498-1505. 

Ibanez, A., Perez de Castro, I., Fernandez-Piqueras, J., Blanco, C., & Saiz-Ruiz, J., 2000,
Pathological gambling and DNA polymorphic markers at MAO-A and MAO-B genes, 
Molecular Psychiatry. 5: 105-109. 

Icard Liepkalns, C., Faucon Biguet, N., Vyas, S., Robert, J. J., Sassone Corsi, P., & Mallet, J., 1992,
AP-1 complex and c-fos transcription are involved in TPA provoked and trans-synaptic
inductions of the tyrosine hydroxylase gene: insights into long-term regulatory
mechanisms, J Neurosci Res. 32: 290-298. 

Inayama, Y., Yoneda, H., Sakai, T., Ishida, T., Kobayashi, S., Nonomura, Y., Kono, Y., Koh, J., &
Asaba, H., 1993, Lack of association between bipolar affective disorder and tyrosine 
hydroxylase DNA marker, Am J Med Genet. 48: 87-89. 

Ishii, A., Kobayashi, K., Kiuchi, K., & Nagatsu, T., 1991, Expression of two forms of human 
dopamine-beta-hydroxylase in COS cells, Neurosci Lett. 125: 25-28. 

Jahnes, E., Muller, D., Schulze, T., Windemuth, C., Cichon, S., Ohlraun, S., Fangerau, H., Held, T.,
Maier, W., Propping, P., Nothen, M., & Rietschel, M., 2002, Association study between
two variants in the DOPA decarboxylase gene in bipolar and unipolar affective disorder, 
Am J Med Genet. 114: 519-522. 

Jonsson, E., Sedvall, G., Brene, S., Gustavsson, J. P., Geijer, T., Terenius, L., Crocq, M.-A., 
Lannfelt, L., Tylec, A., & Sokoloff, P., 1996, Dopamine-Related Genes and Their 
Relationships to Monoamine Metabolites in CSF, Biological Psychiatry. 40: 1032-1043. 

Jönsson, E. G., Bah, J., Melke, J., Jamra, R. A., Schumacher, J., Westberg, L., Ivo, R., Cichon, S.,
Propping, P., Nöthen, M. M., Eriksson, E., & Sedvall, G. C., 2004, Monoamine related 
functional gene variants and relationships to monoamine metabolite concentrations in
CSF of healthy volunteers, BMC Psychiatry. 4. http://www.biomedcentral.com/1471-
244X/4/4

Jonsson, E. G., Geijer, T., Gyllander, A., Terenius, L., & Sedvall, G. C., 1998, Failure to replicate an
association between a rare allele of a tyrosine hydroxylase gene microsatellite and 
schizophrenia, Eur Arch Psychiatry Clin Neurosci. 248: 61-63. 

Jonsson, E. G., Jamra, R. A., Schumacher, J., Flyckt, L., Edman, G., Forslund, K., Mattila-Evenden,
M., Rylander, G., Asberg, M., Bjerkenstedt, L., Wiesel, F.-A., Propping, P., Cichon, S., 
Nothen, M. M., & Sedvall, G. C., 2003, No association between a putative functional 
promoter variant in the dopamine [beta]-hydroxylase gene and schizophrenia, Psychiatric

Genetics. 13: 175-178. 
Jonsson, E. G., Norton, N., Forslund, K., Mattila-Evenden, M., Rylander, G., Asberg, M., Owen, M. 

J., & Sedvall, G. C., 2003, Association between a promoter variant in the monoamine
oxidase A gene and schizophrenia, Schizophrenia Research. 61: 31-37.

Jonsson, E. G., Norton, N., Gustavsson, J. P., Oreland, L., Owen, M. J., & Sedvall, G. C., 2000, A 
promoter polymorphism in the monoamine oxidase A gene and its relationships to
monoamine metabolite concentrations in CSF of healthy volunteers, Journal of 

Psychiatric Research. 34: 239-244.
Jorm, A., Henderson, A., Jacomb, P., Christensen, H., Korten, A., Rodgers, B., Tan, X., & Easteal, 

S., 2000, Association of a functional polymorphism of the monoamine oxidase A gene 
promoter with personality and psychiatric symptoms, Psychiatr Genet. 10: 87-90. 

281 



                                                                                                                      R. MELONI ET AL.

Karayiorgou, M., Altemus, M., Galke, B. L., Goldman, D., Murphy, D. L., Ott, J., & Gogos, J. A.,
1997, Genotype determining low catechol-O-methyltransferase activity as a risk factor 
for obsessive-compulsive disorder, PNAS. 94: 4572-4575.

Karayiorgou, M., & Gogos, J., 1997, A turning point in schizophrenia genetics, Neuron. 19: 967-979. 
Karayiorgou, M., Gogos, J. A., Galke, B. L., Wolyniec, P. S., Nestadt, G., Antonarakis, S. E.,

Kazazian, H. H., Housman, D. E., & Pulver, A. E., 1998, Identification of sequence
variants and analysis of the role of the Catechol-O-Methyl-Transferase gene in 
schizophrenia susceptibility, Biological Psychiatry. 43: 425-431. 

Karayiorgou, M., Morris, M. A., Morrow, B., Shprintzen, R. J., Goldberg, R., Borrow, J., Gos, A.,
Nestadt, G., Wolyniec, P. S., Lasseter, V. K., Eisen, H., Childs, B., Kazanian, H. H.,
Kucherlapati, R., Antonarakis, S. E., Pulver, A. E., & Housman, D. E., 1995,
Schizophrenia susceptibility associated with interstitial deletions of chromosome 22q11,
PNAS. 92: 7612-7616. 

Kawada, Y., Hattori, M., Fukuda, R., Arai, H., Inoue, R., & Nanko, S., 1995, No evidence of linkage
or association between tyrosine hydroxylase gene and affective disorder, J Affect Disord. 

34: 89-94.
Kelsoe, J., Ginns, E., Egeland, J., Gerhard, D., Goldstein, A., Bale, S., Pauls, D., Long, R., Kidd, K.,

Conte, G., Housman, D., & Paul, S., 1989, Re-evaluation of the linkage relationship
between chromosome 11p loci and the gene for bipolar affective disorder in the Old 
Order Amish, Nature. 342: 238-243. 

Kirov, G., Norton, N., Jones, I., McCandless, F., Craddock, N., & Owen, M., 1999, A functional 
polymorphism in the promoter of monoamine oxidase A gene and bipolar affective
disorder, Int J Neuropsychopharmcol. 2: 293-298.

Kohnke, M. D., Zabetian, C. P., Anderson, G. M., Kolb, W., Gaertner, I., Buchkremer, G., Vonthein, 
R., Schick, S., Lutz, U., Kohnke, A. M., & Cubells, J. F., 2002, A genotype-controlled 
analysis of plasma dopamine [beta]-hydroxylase in healthy and alcoholic subjects:
evidence for alcohol-related differences in noradrenergic function, Biological Psychiatry.

52: 1151-1158. 
Koob, G. F., & Nestler, E. J., 1997, The neurobiology of drug addiction, J Neuropsychiatry Clin 

Neurosci. 9: 482-497. 
Korner, J., Fritze, J., & Propping, P., 1990, RFLP alleles at the tyrosine hydroxylase locus: no 

association found to affective disorders, Psychiatry Res. 32: 275-280. 
Korner, J., Rietschel, M., Hunt, N., Castle, D., Gill, M., Nothen, M. M., Craddock, N., Daniels, J., 

Owen, M., Fimmers, R., Fritze, J., Möller, H.-J., & Propping, P., 1994, Association and 
haplotype analysis at the tyrosine hydroxylase locus in a combined German-British
sample of manic depressive patients and controls., Psychiatr Genet. 4: 167-175. 

Kunugi, H., Ishida, S., Kato, T., Sakai, T., Tatsumi, M., Hirose, T., & Nanko, S., 1999, No evidence 
for an association of polymorphisms of the tryptophan hydroxylase gene with affective
disorders or attempted suicide among Japanese patients, Am J Psychiatry. 156: 774-776.

Kunugi, H., Ishida, S., Kato, T., Tatsumi, M., Sakai, T., Hattori, M., Hirose, T., & Nanko, S., 1999,
A functional polymorphism in the promoter region of monoamine oxidase-A gene and
mood disorders, Mol Psychiatry. 4: 393-395.

Kunugi, H., Nanko, S., Ueki, A., Otsuka, E., Hattori, M., Hoda, F., Vallada, H. P., Arranz, M. J., & 
Collier, D. A., 1997, High and low activity alleles of catechol-O-methyltransferase gene:
ethnic difference and possible association with Parkinson’s disease, Neuroscience Letters.

221: 202-204.
Kunugi, H., Vallada, H. P., Hoda, F., Kirov, G., Gill, M., Aitchison, K. J., Ball, D., Arranz, M. J., 

Murray, R. M., & Collier, D. A., 1997, No Evidence for an Association of Affective 
Disorders with High- or Low-Activity Allele of Catechol-o-Methyltransferase Gene,
Biological Psychiatry. 42: 282-285.

Kurumaji, A., Kuroda, T., Yamada, K., Yoshikawa, T., & Toru, M., 2001, An association of the 
polymorphic repeat of tetranucleotide (TCAT) in the first intron of the human tyrosine
hydroxylase gene with schizophrenia in a Japanese sample, J Neural Transm. 108:  
489-495.

Lachman, H. M., Kelsoe, J., Moreno, L., Katz, S., & Papolos, D. F., 1997, Lack of association of 
catechol-O-methyltransferase (COMT) functional polymorphism in bipolar affective 
disorder, Psychiatric Genetics. 7: 13-17.

Lachman, H. M., Morrow, B., Shprintzen, R., Veit, S., Parsia, S. S., Faedda, G., Goldberg, R., 
Kucherlapati, R., & Papolos, D. F., 1996, Association of codon 108/158 catechol-O-

282



PSYCHOPHARMACOGENETICS 

 

methyltransferase gene polymorphism with the psychiatric manifestations of velo-cardio-
facial syndrome, American Journal Of Medical Genetics. 67: 468-472. 

Lachman, H. M., Nolan, K. A., Mohr, P., Saito, T., & Volavka, J., 1998, Association between 
catechol O-methyltransferase genotype and violence in schizophrenia and schizoaffective
disorder, American Journal of Psychiatry. 155: 835-837.

Lachman, H. M., Papolos, D. F., Saito, T., Yu, Y.-M., Szumlanski, C. L., & Weinshilboum, R. M., 
1996, Human catechol-O-methyltransferase pharmacogenetics: Description of a
functional polymorphism and its potential application to neuropsychiatric disorders,
Pharmacogenetics. 6: 243-250. 

Lan, N. C., Heinzmann, C., Gal, A., Klisak, I., Orth, U., Lai, E., Grimsby, J., Sparkes, R. S., 
Mohandas, T., & Shih, J., 1989, Human monoamine oxidase A and B genes map to Xp
11.23 and are deleted in a patient with Norrie disease, Genomics. 4: 552-559. 

Lauritsen, M., Borglum, A., Betancur, C., Philippe, A., Kruse, T., Leboyer, M., & Ewald, H., 2002, 
Investigation of two variants in the DOPA decarboxylase gene in patients with autism, 
Am J Med Genet. 114: 466-470. 

Leboyer, M., Malafosse, A., Boularand, S., Campion, D., Gheysen, F., Samolyk, D., Henriksson, B., 
Denise, E., des, L. A., & Lepine, J. P., 1990, Tyrosine hydroxylase polymorphisms 
associated with manic-depressive illness, Lancet. 335: 1219.

Li, T., Vallada, H., Curtis, D., Arranz, M., Xu, K., Cai, G., Deng, H., Liu, J., Murray, R., Liu, X., & 
Collier, D. A., 1997, Catechol-O-methyltransferase Val158Met polymorphism:
Frequency analysis in Han Chinese subjects and allelic association of the low activity
allele with bipolar affective disorder, Pharmacogenetics. 7: 349-353. 

Lim, L. C., Gurling, H., Curtis, D., Brynjolfsson, J., Petursson, H., & Gill, M., 1993, Linkage 
between tyrosine hydroxylase gene and affective disorder cannot be excluded in two of 
six pedigrees, Am J Med Genet. 48: 223-228. 

Lobos, E. A., & Todd, R. D., 1997, Cladistic analysis of disease association with tyrosine
hydroxylase: application to manic-depressive disease and alcoholism, Am J Med Genet.

74: 289-295. 
Lohmueller, K. E., Pearce, C. L., Pike, M., Lander, E. S., & Hirschhorn, J. N., 2003, Meta-analysis 

of genetic association studies supports a contribution of common variants to susceptibility
to common disease, Nature genetics. 33: 177-182. 

Lotta, T., Vidgren, J., Tilgmann, C., Ulmanen, I., Melen, K., Julkunen, I., & Taskinen, J., 1995,
Kinetics of human soluble and membrane-bound catechol O- methyltransferase: A 
revised mechanism and description of the thermolabile variant of the enzyme,
Biochemistry. 34: 4202-4210.

Lundstrom, K., Tenhunen, J., Tilgmann, C., Karhunen, T., Panula, P., & Ulmanen, I., 1995, Cloning, 
expression and structure of catechol-O-methyltransferase, Biochimica et Biophysica Acta 

(BBA) - Protein Structure and Molecular Enzymology. 1251: 1-10.
Malafosse, A., Leboyer, M., d’Amato, T., Amadeo, S., Abbar, M., Campion, D., Canseil, O.,

Castelnau, D., Gheysen, F., Granger, B., Henrikson, B., Poirier, M. F., Sabate, O., 
Samolyk, D., Feingold, J., & Mallet, J., 1997, Manic depressive illness and tyrosine 
hydroxylase gene: linkage heterogeneity and association, Neurobiol Dis. 4: 337-349. 

Mallet, J., 1996, The TiPS/TINS lecture. Catecholamines: from gene regulation to neuropsychiatric
disorders, Trends Pharmacol Sci. 17: 129-135.

Mann, J. J., Malone, K. M., Nielsen, D. A., Goldman, D., Erdos, J., & Gelernter, J., 1997, Possible 
association of a polymorphism of the tryptophan hydroxylase gene with suicidal behavior 
in depressed patients, Am J Psychiatry. 154: 1451-1453.

Manuck, S. B., Flory, J. D., Ferrell, R. E., Dent, K. M., Mann, J. J., & Muldoon, M. F., 1999, 
Aggression and anger-related traits associated with a polymorphism of the tryptophan 
hydroxylase gene, Biol Psychiatry. 45: 603-614. 

Masson, J., Sagne, C., Hamon, M., & El Mestikawy, S., 1999, Neurotransmitter transporters in the
central nervous system, Pharmacological Reviews. 51: 439-464.

Mattay, V. S., Goldberg, T. E., Fera, F., Hariri, A. R., Tessitore, A., Egan, M. F., Kolachana, B., 
Callicott, J. H., & Weinberger, D. R., 2003, Catechol O-methyltransferase val158-met
genotype and individual variation in the brain response to amphetamine, PNAS. 100: 
6186-6191.

McQuillin, A., Lawrence, J., Kalsi, G., Chen, A., Gurling, H., & Curtis, D., 1999, No allelic 
association between bipolar affective disorder and the tryptophan hydroxylase gene, Arch 

Gen Psychiatry. 56: 99-101. 

283 



                                                                                                                      R. MELONI ET AL.

Melichar, J. K., Daglish, M. R., & Nutt, D. J., 2001, Addiction and withdrawal – current views, Curr 

Opin Pharmacol. 1: 84-90.
Meloni, R., Albanese, V., Ravassard, P., Treilhou, F., & Mallet, J., 1998, A tetranucleotide

polymorphic microsatellite, located in the first intron of the tyrosine hydroxylase gene,
acts as a transcription regulatory element in vitro, Hum Mol Genet. 7: 423-428.

Meloni, R., Laurent, C., Campion, D., Ben Hadjali, B., Thibaut, F., Dollfus, S., Petit, M., Samolyk, 
D., Martinez, M., Poirier, M. F., & Mallet, J., 1995b, A rare allele of a microsatellite 
located in the tyrosine hydroxylase gene found in schizophrenic patients, C R Acad Sci 

III. 318: 803-809.
Meloni, R., Leboyer, M., Bellivier, F., Barbe, B., Samolyk, D., Allilaire, J. F., & Mallet, J., 1995a, 

Association of manic-depressive illness with tyrosine hydroxylase microsatellite marker,
Lancet. 345: 932. 

Meyer, E., Wiegand, P., Rand, S. P., Kuhlmann, D., Brack, M., & Brinkmann, B., 1995, 
Microsatellite polymorphisms reveal phylogenetic relationships in primates, J Mol Evol.

41: 10-14. 
Moore, H., West, A. R., & Grace, A. A., 1999, The regulation of forebrain dopamine transmission: 

relevance to the pathophysiology and psychopathology of schizophrenia, Biological 

Psychiatry. 46: 40-55. 
Müller Smith, K., Daly, M., Fischer, M., Yiannoutsos, C. T., Bauer, L., Barkley, R., & Navia, B. A., 

2003, Association of the dopamine beta hydroxylase gene with attention deficit 
hyperactivity disorder: Genetic analysis of the Milwaukee longitudinal study, Am J Med 

Genet. 119B: 77-85. 
Mynett-Johnson, L. A., Murphy, V. E., Claffey, E., Shields, D. C., & McKeon, P., 1998, Preliminary

evidence of an association between bipolar disorder in females and the catechol-O-
methyltransferase gene, Psychiatric Genetics. 8: 221-225.

Nagatsu, T., 2004, Progress in Monoamine Oxidase (MAO) research in relation to genetic
engineering, NeuroToxicology. 25: 11-20.

Nielsen, D. A., Goldman, D., Virkkunen, M., Tokola, R., Rawlings, R., & Linnoila, M., 1994, 
Suicidality and 5-hydroxyindoleacetic acid concentration associated with a tryptophan
hydroxylase polymorphism, Arch Gen Psychiatry. 51: 34-38. 

Nielsen, D. A., Virkkunen, M., Lappalainen, J., Eggert, M., Brown, G. L., Long, J. C., Goldman, D., 
& Linnoila, M., 1998, A tryptophan hydroxylase gene marker for suicidality and 
alcoholism, Arch Gen Psychiatry. 55: 593-602. 

Ohara, K., Nagai, M., Suzuki, Y., & Ohara, K., 1998, Low activity allele of catechol-o-
methyltransferase gene and Japanese unipolar depression, NeuroReport. 9: 1305-1308.

Ohmori, O., Shinkai, T., Kojima, H., Terao, T., Suzuki, T., Mita, T., & Abe, K., 1998, Association
study of a functional catechol-O-methyltransferase gene polymorphism in Japanese 
schizophrenics, Neuroscience Letters. 243: 109-112. 

Pakstis, A., Kidd, J., Castiglione, C., & Kidd, K., 1991, Status of the search for a major genetic locus
for affective disorder in the Old Order Amish, Hum Genet. 87: 475-483. 

Palmatier, M. A., Kang, A. M., & Kidd, K. K., 1999, Global variation in the frequencies of 
functionally different catechol-O-methyltransferase alleles, Biological Psychiatry. 46: 
557-567. 

Patel, P. D., Pontrello, C., & Burke, S., 2004, Robust and tissue-specific expression of TPH2 versus 
TPH1 in rat raphe and pineal gland, Biological Psychiatry. 55: 428-433. 

Perez de Castro, I., Santos, J., Torres, P., Visedo, G., Saiz-Ruiz, J., Llinares, C., & Fernandez-
Piqueras, J., 1995, A weak association between TH and DRD2 genes and bipolar 
affective disorder in a Spanish sample, J Med Genet. 32: 131-134.

Polymeropoulos, M., Xiao, H., Rath, D., & Merril, C., 1991, Tetranucleotide repeat polymorphism
at the human tyrosine hydroxylase gene (TH), Nucleic Acids Res. 19: 3753.

Puers, C., Hammond, H. A., Jin, L., Caskey, T., & Schumm, J. W., 1993, Identification of repeat 
sequence heterogeneity at the polymorphic short tandem repeat locus HUMTH01
(AATG)

n
and reassignment of alleles in population analysis by using a locus-specific 

allelic ladder, Am. J. Hum. Genet. 53: 953-958. 
Pulver, A. E., Karayiorgou, M., Lasseter, V. K., Wolyniec, P., Kasch, L., Antonarakis, S., Housman, 

D., Kazazian, H. H., Meyers, D., Nestadt, G., Ott, J., Liang, K.-Y., Lamacz, M., Thomas, 
M., Childs, B., Diehl, S. R., Wang, S., Murphy, B., Sun, C., O’Neill, F. A., Nie, L., 
Sham, P., Burke, J., W., D. B., Duke, F., Kipps, B. R., Bray, J., Hunt, W., Shinkwin, R., 
Ni Nuallain, M., Su, Y., MacLean, C. J., Walsh, D., Kendler, K. S., Gill, M., Vallada, H., 

284



PSYCHOPHARMACOGENETICS 

 

Mant, R., Asherson, P., Collier, D., Parfitt, E., Roberts, E., Nanko, S., Walsh, C., Daniels, 
J., Murray, R., McGuffin, P., Owen, M., Laurent, C., Dumas, J.-B., d’Amato, T., Jay, M., 
Martinez, M., Campion, D., & Mallet, J., 1994, Follow-up of a report of a potential
linkage for schizophrenia on chromosome 22q12-q13.1: Part 2, Am J Med Genet. 54:  
44-50.

Pulver, A. E., Karayiorgou, M., Wolyniec, P. S., Lasseter, V. K., Kasch, L., Nestadt, G.,
Antonarakis, S., Housman, D., Kazazian, H. H., Meyers, D., Ott, J., Lamacz, M., Liang, 
K.-Y., Hanfelt, J., Ullrich, G., De Marchi, N., Ramu, E., McHugh, P. R., Adler, L., 
Thomas, M., Carpenter, W. T., Manschreck, T., Gordon, C. T., Kimberland, M., Babb, 
R., Puck, J., & Childs, B., 1994, Sequential strategy to identify a susceptibility gene for 
schizophrenia: report of potential linkage on chromosome 22q12-q13.1: Part 1, Am J Med 

Genet. 54: 36-43. 
Ressler, K. J., & Nemeroff, C. B., 1999, Role of norepinephrine in the pathophysiology and 

treatment of mood disorders, Biological Psychiatry. 46: 1219-1233. 
Rotondo, A., Schuebel, K., Bergen, A., Aragon, R., Virkkunen, M., Linnoila, M., Goldman, D., & 

Nielsen, D., 1999, Identification of four variants in the tryptophan hydroxylase promoter 
and association to behavior, Mol Psychiatry. 4: 360-368. 

Rujescu, D., Giegling, I., Sato, T., Hartmann, A. M., & Moller, H.-J., 2003, Genetic variations in 
tryptophan hydroxylase in suicidal behavior: analysis and meta-analysis, Biological 

Psychiatry. 54: 465-473. 
Sabol, S., Hu, S., & Hamer, D., 1998, A functional polymorphism in the monoamine oxidase A gene 

promoter, Hum Genet. 103: 273-279. 
Sassone-Corsi, P., Lamph, W. W., Kamps, M., & Verma, I. M., 1988, fos-associated cellular p39 is

related to nuclear transcription factor AP-1, Cell. 54: 553-560. 
Schildkraut, J. J., 1965, The catecholamine hypothesis of affective disorders: a review of supporting

evidence, Am. J. of Psychiatry. 122: 509-522. 
Schulze, T., Muller, D., Krauss, H., Scherk, H., Ohlraun, S., Syagailo, Y., Windemuth, C., Neidt, H., 

Grassle, M., Papassotiropoulos, A., Heun, R., Nothen, M., Maier, W., Lesch, K., &
Rietschel, M., 2000, Association between a functional polymorphism in the monoamine
oxidase A gene promoter and major depressive disorder, Am. J. Med. Genet.

(Neuropsychiatr. Genet.). 96: 801-803.
Segawa, M., 2003, Neurophysiology of Tourette’s syndrome: pathophysiological considerations,

Brain and Development. 25: S62-S69. 
Serretti, A., Macciardi, F., Cusin, C., Verga, M., Pedrini, S., & Smeraldi, E., 1998, Tyrosine 

hydroxylase gene in linkage disequilibrium with mood disorders, Mol Psychiatry. 3:  
169-174. 

Serretti, A., Macciardi, F., Verga, M., Cusin, C., Pedrini, S., & Smeraldi, E., 1998, Tyrosine 
hydroxylase gene associated with depressive symptomatology in mood disorder, Am 

 J Med Genet. 81: 127-130.
Shastry, B. S., 2004, Molecular genetics of attention-deficit hyperactivity disorder (ADHD): an

update, Neurochemistry International. 44: 469-474.
Shifman, S., Bronstein, M., Sternfeld, M., Pisanté, A., Weizman, A., Reznik, I., Spivak, B., Grisaru, 

N., Karp, L., Schiffer, R., Kotler, M., Strous, R. D., Swartz-Vanetik, M., Knobler, H. Y., 
Shinar, E., Yakir, B., Zak, N. B., & Darvasi, A., 2004, COMT: A common susceptibility 
gene in bipolar disorder and schizophrenia, American Journal of Medical Genetics Part 

B: Neuropsychiatric Genetics. 128B: 61-64.
Shifman, S., Bronstein, M., Sternfeld, M., Pisante-Shalom, A., Lev-Lehman, E., Weizman, A., 

Reznik, I., Spivak, B., Grisaru, N., Karp, L., Schiffer, R., Kotler, M., Strous, R. D.,
Swartz-Vanetik, M., Knobler, H. Y., Shinar, E., Beckmann, J. S., Yakir, B., Risch, N., 
Zak, N. B., & Darvasi, A., 2003, A highly significant association between a COMT
haplotype and schizophrenia, Am. J. Hum. Genet. 71: 1296-1302. 

Shih, J. C., Chen, K., & Ridd, M. J., 1999, Monoamine Oxidase: From Genes to Behavior, Annual 

Review of Neuroscience. 22: 197-217.
Smyth, C., Kalsi, G., Brynjolfsson, J., O’Neill, J., Curtis, D., Rifkin, L., Moloney, E., Murphy, P., 

Sherrington, R., Petursson, H., & Gurling, H., 1996, Further tests for linkage of bipolar 
affective disorder to the tyrosine hydroxylase gene locus on chromosome 11p15 in a new
series of multiplex British affective disorder pedigrees, Am J Psychiatry. 153: 271-274.

Souery, D., Lipp, O., Mahieu, B., Mendelbaum, K., De Martelaer, V., Van Broeckhoven, C., & 
Mendlewicz, J., 1996, Association study of bipolar disorder with candidate genes 

285 



                                                                                                                      R. MELONI ET AL.

involved in catecholamine neurotransmission: DRD2, DRD3, DAT1, and TH genes, Am 

J Med Genet. 67: 551-555. 
Souery, D., Lipp, O., Rivelli, S. K., Massat, I., Serretti, A., Cavallini, C., Ackenheil, M., Adolfsson,

R., Aschauer, H., Blackwood, D., Dam, H., Dikeos, D., Fuchshuber, S., Heiden, M.,
Jakovljevic, M., Kaneva, R., Kessing, L., Lerer, B., Lonnqvist, J., Mellerup, T., 
Milanova, V., Muir, W., Nylander, P. O., Oruc, L., Mendlewicz, J., & et al., 1999,
Tyrosine hydroxylase polymorphism and phenotypic heterogeneity in bipolar affective
disorder: a multicenter association study, Am J Med Genet. 88: 527-532. 

Stolk, J. M., Hurst, J. H., & Nisula, B. C., 1982, Regulation and inheritance of dopamine-beta-
hydroxylase, Behav Genet. 12: 37-52. 

Strous, R. D., Bark, N., Woerner, M., & Lachman, H. M., 1997, Lack of Association of a Functional
Catechol-O-Methyltransferase Gene Polymorphism in Schizophrenia, Biological 

Psychiatry. 41: 493-495. 
Sugama, S., Namihira, T., Matsuoka, R., Taira, N., Eto, Y., & Maekawa, K., 1999, Psychiatric 

inpatients and chromosome deletions within 22q11.2, J Neurol Neurosurg Psychiatry. 67: 
803-806.

Syagailo, Y., Stober, G., Grassle, M., Reimer, E., Knapp, M., Jungkunz, G., Okladnova, O., Meyer,
J., & Lesch, K., 2001, Association analysis of the functional monoamine oxidase A gene
promoter polymorphism in psychiatric disorders, Am J Med Genet. 105: 168-171. 

Syvanen, A.-C., Tilgmann, C., Rinne, J., & Ulmanen, I., 1997, Genetic polymorphism of catechol-
O-methyltransferase (COMT): Correlation of genotype with individual variation of 
S-COMT activity and comparison of the allele frequencies in the normal population and 
Parkinsonian patients in Finland, Pharmacogenetics. 7: 65-71. 

Tenhunen, J., Salminen, M., Lundstrom, K., Savolainen, R., & Ulmanen, I., 1994, Genomic 
organization of the human catechol O-methyltransferase gene and its expression from two
distinct promoters, European Journal of Biochemistry. 223: 1049-1059. 

Thibaut, F., Ribeyre, J. M., Dourmap, N., Meloni, R., Laurent, C., Campion, D., Menard, J. F.,
Dollfus, S., Mallet, J., & Petit, M., 1997, Association of DNA polymorphism in the first 
intron of the tyrosine hydroxylase gene with disturbances of the catecholaminergic
system in schizophrenia, Schizophr Res. 23: 259-264.

Turecki, G., Rouleau, G. A., Mari, J., Joober, R., & Morgan, K., 1997, Lack of association between
bipolar disorder and tyrosine hydroxylase: a meta-analysis, Am J Med Genet. 74:  
348-352.

Vandenbergh, D. J., Rodriguez, L. A., Miller, I. T., Uhl, G. R., & Lachman, H. M., 1997, High-
activity catechol-O-methyltransferase allele is more prevalent in polysubstance abusers, 
American Journal of Medical Genetics - Neuropsychiatric Genetics. 74: 439-442.

Vaswani, M., Linda, F. K., & Ramesh, S., 2003, Role of selective serotonin reuptake inhibitors in
psychiatric disorders: a comprehensive review, Progress in Neuro-Psychopharmacology 

and Biological Psychiatry. 27: 85-102.
Vincent, J. B., Masellis, M., Lawrence, J., Choi, V., Gurling, H. M., Parikh, S. V., & Kennedy, J. L., 

1999, Genetic association analysis of serotonin system genes in bipolar affective disorder, 
Am J Psychiatry. 156: 136-138.

Walther, D. J., Peter, J.-U., Bashammakh, S., Hortnagl, H., Voits, M., Fink, H., & Bader, M., 2003,
Synthesis of serotonin by a second tryptophan hydroxylase isoform, Science. 299: 76.

Wei, J., & Hemmings, G. P., 1999, Lack of evidence for association between the COMT locus and 
schizophrenia, Psychiatric Genetics. 9: 183-186. 

Wei, J., Ramchand, C., & Hemmings, G., 1998, TaqI polymorphic sites at the human dopamine 
beta-hydroxylase gene possibly associated with biochemical alterations of the 
catecholamine pathway in schizophrenia, Psychiatr Genet. 8: 19-24.

Wei, J., Ramchand, C. N., & Hemmings, G. P., 1995, Association of polymorphic VNTR region in
the first intron of the human TH gene with disturbances of the catecholamine pathway in 
schizophrenia, Psychiatr Genet. 5: 83-88. 

Wei, J., Ramchand, C. N., & Hemmings, G. P., 1997, Possible association of catecholamine turnover 
with the polymorphic (TCAT)n repeat in the first intron of the human tyrosine 
hydroxylase gene, Life Sci. 61: 1341-1347. 

Wei, J., Ramchand, C. N., & Hemmings, G. P., 1997, Possible control of dopamine beta-
hydroxylase via a codominant mechanism associated with the polymorphic (GT)n repeat 
at its gene locus in healthy individuals, Human Genetics. 99: 52-55. 

286



PSYCHOPHARMACOGENETICS 

 

Weinberger, D. R., Egan, M. F., Bertolino, A., Callicott, J. H., Mattay, V. S., Lipska, B. K., Berman, 
K. F., & Goldberg, T. E., 2001, Prefrontal neurons and the genetics of schizophrenia,
Biological Psychiatry. 50: 825-844.

Weinshilboum, R., 1978, Human biochemical genetics of plasma dopamine-[beta]-hydroxylase and 
erythrocyte catechol-O-methyltransferase, Hum Genet. 45: 101-112.

Wigg, K., Zai, G., Schachar, R., Tannock, R., Roberts, W., Malone, M., Kennedy, J. L., & Barr, C. 
L., 2002, Attention Deficit Hyperactivity Disorder and the Gene for Dopamine Beta-
Hydroxylase, Am J Psychiatry. 159: 1046-1048.

Wolters, E. C., & Calne, D. B., 1989, Parkinson’s disease, Cmaj. 140: 507-514.
Xie, T., Ho, S. L., Li, L. S. W., & Ma, O. C. K., 1997, G/A1947 polymorphism in catechol-O-

methyltransferase (COMT) gene in Parkinson’s disease, Movement Disorders. 12: 426-
427.

Yamamoto, K., Cubells, J., Gelernter, J., Benkelfat, C., Lalonde, P., Bloom, D., Lal, S., Labelle, A., 
Turecki, G., Rouleau, G., & Joober, R., 2003, Dopamine beta-hydroxylase (DBH) gene 
and schizophrenia phenotypic variability: a genetic association study, Am J Med Genet. 

117B: 33-38. 
Zabetian, C. P., Anderson, G. M., Buxbaum, S. G., Elston, R. C., Ichinose, H., Nagatsu, T., Kim, K. 

S., Kim, C. H., Malison, R. T., Gelernter, J., & Cubells, J., 2001, A quantitative-trait 
analysis of human plasma-dopamine beta-hydroxylase activity: evidence for a major 
functional polymorphism at the DBH locus, Am. J. Hum. Genet. 68: 515-522. 

Zabetian, C. P., Buxbaum, S. G., Elston, R. C., Köhnke, M. D., Anderson, G. M., Gelernter, J., & 
Cubells, J. F., 2003, The Structure of Linkage Disequilibrium at the DBH Locus Strongly
Influences the Magnitude of Association between Diallelic Markers and Plasma 
Dopamine -Hydroxylase Activity, Am. J. Hum. Genet. 72: 1389-1400. 

Zhang, X., Beaulieu, J.-M., Sotnikova, T. D., Gainetdinov, R. R., & Caron, M. G., 2004, Tryptophan
Hydroxylase-2 Controls Brain Serotonin Synthesis, Science. 305: 217.

Zill, P., Baghai, T. C., Zwanzger, P., Schüle, C., Eser, D., Rupprecht, R., Möller, H.-J., Bondy, B., & 
Ackenheil, M., SNP and haplotype analysis of a novel tryptophan hydroxylase isoform 
(TPH2) gene provide evidence for association with major depression, Molecular 

Psychiatry. In Press.

Zill, P., Buttner, A., Eisenmenger, W., Bondy, B., & Ackenheil, M., Regional mRNA expression of 
a second tryptophan hydroxylase isoform in postmortem tissue samples of two human 
brains, European Neuropsychopharmacology. In Press. 

287




