
Introduction

Tryptophan hydroxylase (TPH, EC 1.14.16.4),
a member of a family of pterin-dependent aro-

matic amino acid hydroxylases (1), catalyzes
the conversion of L-tryptophan to 5-hydroxy-
L-tryptophan. This reaction is the initial and
rate-limiting step in the biosynthesis of 5-
hydroxytryptamine (5-HT) (2–5). TPH has
been extensively purified from various sources
such as bovine pineal gland (6), mouse masto-
cytoma (7,8), and mammalian brains (9–11).
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Abstract

The serotonin 5-hydroxytryptamine (5-HT) neurotransmitter system contributes to various
physiological and pathological conditions. 5-HT is the first neurotransmitter for which a develop-
mental role was suspected. Tryptophan hydroxylase (TPH) catalyzes the rate-limiting reaction in
the biosynthesis of 5-HT. Both TPH1 and TPH2 have tryptophan hydroxylating activity. TPH2 is
abundant in the brain, whereas TPH1 is mainly expressed in the pineal gland and the periphery.
However, TPH1 was found to be expressed predominantly during the late developmental stage in
the brain. Recent advances have shed light on the kinetic properties of each TPH isoform. TPH1
showed greater affinity for tryptophan and stronger enzymic activity than TPH2 under condi-
tions reflecting those in the developing brain stem. Transient alterations in 5-HT homeostasis dur-
ing development modify the fine wiring of brain connections and cause permanent changes to
adult behavior. An increasing body of evidence suggests the involvement of developmental brain
disturbances in psychiatric disorders. These findings have revived a long-standing interest in the
developmental role of 5-HT-related molecules. This article summarizes our understanding of the
kinetics and possible neuronal functions of each TPH during development and in the adult.
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Physicochemical, enzymic, and immunochem-
ical properties differ between TPHs of neural
and non-neural tissue origin, and it has been
accepted that neural TPH might be a different
entity from the non-neural enzyme (8,10,12,
13). The molecular basis of the differences
between the neural and non-neural enzymes
was only recently explained. Walther and col-
leagues (14) clearly demonstrated the distinc-
tion between the two types of TPHs and also
found TPH2, a new TPH isoform. By gene tar-
geting, they functionally ablated original TPH1
gene in mice. Although the resulting animals
were deficient for 5-HT in the periphery and in
the pineal gland, they exhibited close to nor-
mal levels of 5-HT in the brain. This led them
to the detection of a second TPH gene known
as TPH2 (14). The tryptophan hydroxylating
activity of TPH2 was then demonstrated
(14,15). TPH2 has been identified and cloned in
human, mice, rat, chicken, zebrafish, torafugu,
and fruit fly (14,16,17). Therefore, TPH2 has
been distinguished from the well-character-
ized original TPH1. Human TPH1 is located on
chromosome 11, whereas TPH2 is on chromo-
some 12. Human TPH1 and TPH2 display 72%
sequence homology and have high sequence
identity within the C-terminal catalytic domain.
All residues that have been detected to be
important for the structural and functional
properties of TPH1 are conserved in TPH2.
However, TPH2 has a divergent N-terminal
regulatory domain, which shows more homol-
ogy to that of tyrosine hydroxylase (18).

5-HT is a major modulator of behavior in
vertebrates and invertebrates, and deficiencies
in the serotonergic system account for several
behavioral disorders in humans. The seroton-
ergic central neurons produce their effects
through secretion from synaptic terminals, act-
ing locally in hard-wired circuits, and occa-
sionally from extrasynaptic axonal and
somatodendritic release sites in the absence of
postsynaptic targets, producing paracrine
effects. Because 5-HT has been implicated in
various pathological functions in central ner-
vous systems (19,20), 5-HT is a major thera-
peutic target in patients with psychiatric

disorders. Numerous studies have suggested
associations between various neuropsychiatric
disorders and genes that modulate central
serotonergic neurotransmission, such as the 5-
HT transporter (SERT; ref. 21), 5-HT receptors
(19), and monoamine oxidases (22). Therefore,
the brain 5-HT system is a major target in the
treatment of several psychiatric disorders that
use agents such as tricyclic antidepressants,
selective serotonin re-uptake inhibitors, mono-
amine oxidase inhibitors, and psychostimu-
lants (19,23).

In addition to its action as a crucial neuro-
transmitter in various regions of the adult
brain, 5-HT is essential for the development of
5-HT neurons in an autocrine manner (24).
Therefore, changes in brain 5-HT content dur-
ing development could disturb the develop-
ment of 5-HT neurons, which might cause
permanent changes in adult behavior. TPH2
messenger RNA (mRNA) is preferentially
expressed in the brain (14) and in the periph-
eral myenteric neurons in the gut (25). Con-
versely, TPH1 mRNA is mainly expressed in
the pineal gland and the periphery (14). How-
ever, TPH1 was found to be expressed predom-
inantly during the late developmental stage in
the brain (26). Consistently, TPH1 gene has
been the subject of intensive study regarding
its possible involvement in many psychiatric
and behavioral traits (27–31).

In this review article, we initially discuss the
kinetic properties of each TPH, followed by the
possible involvement of each TPH in behav-
ioral traits and psychiatric disorders.

Kinetic Properties of Tryptophan
Hydroxylases

Hydroxylation of an aromatic ring is a fun-
damental reaction in biology. TPH catalyzes
the formation of 5-hydroxy-L-tryptophan (5-
HTP) from L-tryptophan, the first step in the
biosynthesis of the neurotransmitter 5-HT.
Aromatic L-amino-acid decarboxylase (AADC)
subsequently mediates the production of 5-
HT. Although the lack of a pure enzyme has
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complicated elucidation of the regulatory
properties of TPH, an accumulating body of
evidence has clarified the factors that regu-
late TPH activity. First, in the presence of
sulfhydryl compounds, such as dithiothreitol
and mercaptoethanol, ferrous iron dramati-
cally activates TPH in vitro. TPH in fresh
extracts is usually very unstable and converts
to an inactive form, whose activity can be
restored far beyond initial levels by incuba-
tion with Fe2+ in the presence of dithiothre-
itol (32–36). TPH of peripheral sources is
fully active at concentrations of Fe2+ higher
than 1 x 10-8 M but has no activity at concen-
trations lower than 2 x 10-12 M. Therefore, the
activation of the enzyme could be considered
in terms of ferrous iron activation (37). Sec-
ond, the activity of the enzyme is affected by
phosphorylation. Ehret et al. (38) demon-
strated the direct phosphorylation of TPH by
CaMKII. Additionally, protein kinase A
(PKA) has been shown to phosphorylate this
enzyme, resulting in a twofold activation if
the activator protein is present (39). Third,
the enzyme level in the cell is maintained by
rapid turnover driven by ubiquitine-protea-
some system (40,41). The ubiquitination of
TPH is regulated by phosphorylation of the
enzyme (42). The effects of these factors on
the enzymatic activities were described using
various sources before the demonstration of
the new enzyme TPH2; therefore, they have
not been unequivocally compared between
TPH1 and TPH2.

A minimal kinetic mechanism for a hydroxy-
lase involves substrate binding, formation of the
hydroxylating intermediate, hydroxylation, and
product dissociation. TPH activity also depends
on the cosubstrate. TPH is a mono-oxygenase,
incorporating one atom of oxygen from molecu-
lar oxygen into the substrate and reducing the
other atom to water. The two electrons required
for the reduction of the second atom to water
are supplied by the 6R-L-erythro-5,6,7,8-tetrahy-
drobiopterin (BH4). BH4 acts as cosubstrate
rather than as a tightly bound cofactor.

The differences in the activities of TPH1 and
TPH2 under various concentrations of BH4

were reported. McKinney et al. (43) compared
the kinetic properties of TPH1 and TPH2 using
human TPH1 and TPH2 fusion proteins
derived from Escherichia coli and an in vitro
transcription/translation system (43). They
found different kinetic properties between the
two enzymes at various concentrations of tryp-
tophan and BH4. In our study, histidine hexa-
mer-tagged mouse TPH1 and TPH2 proteins
were expressed in Cos7 cells, and the depen-
dence of the activities of TPH1 and TPH2 on
concentrations of the substrate tryptophan and
the cosubstrate BH4 were compared to the
respective cell extracts using His-tag expression
as the reference (ref. 26; Fig. 1). Apparent Kms
for tryptophan at 400 µM of BH4 were 16.6 and
19.2 µM in TPH1 and TPH2, respectively. How-
ever, the affinity to tryptophan was much
greater in TPH1 at a lower concentration of
BH4; the Km was 7.5 µM for tryptophan at 4
µM of BH4, whereas that of TPH2 was constant
(19.2 µM), suggesting that TPH1 sustains
enzymic activity even with lowered tryptophan
levels under possible BH4-limiting conditions.

Because TPH1 was found to be expressed
mostly during the developmental stage in the
brain (26), our group extended the analysis to
conditions mimicking the brain stem of the P21
mouse. The concentration of BH4 in the brain
stem of various mouse strains at P21was
around 0.9 nmol/g. Assuming an even distrib-
ution of BH4 in the tissue, around 1 µM could
be estimated, which was far less than the Kms
of both TPH1 and TPH2 for BH4 (around 20
µM). Tryptophan concentrations in mice at P21
were 15 to 30 nmol/g of wet tissue, which are
around the Km level and far less than substrate
saturation. Therefore, TPH activity depends
quasilinearly on the concentration of tissue
tryptophan. Importantly, the comparison of
kinetics between TPH1 and TPH2 was made
under conditions reflecting those in the devel-
oping brain stem of P21 mouse—that is, a low
BH4 concentration (less than 4 µM). In such
conditions, TPH1 uses tryptophan to synthe-
size 5-HT more efficiently than TPH2. In this
context, TPH1 exerts its potential activity bet-
ter with respect to tryptophan dependence.

Tryptophan Hydroxylase in the Nervous System 47

Molecular Neurobiology Volume 35, 2007



Therefore, TPH1 is likely responsible for main-
taining 5-HT levels in the brain under such
conditions during late developmental stage.
Indeed, two mouse strains (NZW and SWR)
with weak TPH1 expression showed low
brain 5-HT levels only during development in
vivo (26).

Involvement of Tryptophan
Hydroxylases in Psychiatric
Conditions and Behavioral Traits

5-HT neurons arising from serotonergic cell
body groups in the dorsal and median raphe
nuclei in the midbrain form a dense plexus of
axonal processes projecting to several areas
such as the cortex and limbic system. These

regions are responsible for the generation and
expression of motivational and affective states.
Serotonergic neurotransmission is described as
paracrine or volume transmission, and there-
fore, 5-HT is believed to play a neuromodula-
tory role in these regions.

The human TPH1 gene represents a candi-
date for one of the genes involved in psychi-
atric conditions. The polymorphism A779C in
intron 7 of TPH1 has been reported to be asso-
ciated with alcoholic offenders (28). Addition-
ally, serotonergic dysfunction appears to be
greatest in subjects who have attempted or
completed suicide using violent means. The
association of TPH1 with suicidal behavior has
been well-studied. For example, A779C has
been reported to be associated with suicidal
behavior in depressed patients (27). Another
study reported that the association between
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Fig. 1. Comparison of kinetics between TPH1 and TPH2. Upper panels are Michaelis-Menten plots of trypto-
phan hydroxylase activity at various concentrations of tryptophan and BH4 (4 µM/open circle; 40 µM/gray cir-
cle, and 400 µM/closed circle). Lower panels are corresponding double reciprocal plots. (ref. 26; copyright
2006 by the Society for Neuroscience).



TPH1 and suicidal behavior was stronger with
violent suicidal behavior (44).

Several recent meta-analyses have con-
cluded that there is an association between
A218 and a history of suicide attempts in Cau-
casians (30,45). Suicidal behavior is implicated
in the relationship between TPH1 and mood
disorder. Bellivier et al. (46) initially reported
an association between TPH1 and bipolar dis-
order. However, this study showed that the
frequency of the allele was significantly associ-
ated with the history of suicidal behavior in
bipolar subjects. Therefore, the reported associ-
ation with bipolar disorder might be linked to
suicidal behavior. Four subsequent studies
found no association between TPH1 and bipo-
lar disorder, and three of these studies, in
which the population of patients with bipolar
disorder was stratified according to their his-
tory of suicidal behavior, found no association
with suicidal behavior in subjects with bipolar
disorder (47–50). Therefore, TPH1 may be
involved in susceptibility to suicidal behavior
in some populations. Courtet et al. (51) sug-
gested that TPH may be a quantitative risk
factor where the more pronounced the seroton-
ergic dysfunction, the higher the levels of
anger, and the more severe the suicidal act
(lethal, violent, repeated suicide attempts, com-
pleted suicide).

A functional (C1473G) single-nucleotide
polymorphism in the mouse TPH2 gene that
results in the substitution of Pro447 with
Arg447 leads to decreased 5-HT levels in PC12
cells (15). In BALB/c and DBA/2 mice that are
homozygous for the 1473G allele, brain 5-HT
tissue content and synthesis are reduced. The
contributions of TPH2 to behavioral traits were
examined in mice using strain differences.
Cervo et al. (52) studied strain differences in
the response to citalopram, a selective 5-HT re-
uptake inhibitor. Citalopram reduced immobil-
ity time in the forced swimming test, a mouse
model used to assess the antidepressant poten-
tial of drugs, in C57BL/6J and 129/Sv mice but
had no such effect in DBA/2 and BALB/c mice
that showed less synthesis of brain 5-HT. How-
ever, DBA/2 and BALB/c mice were respon-

sive to citalopram in the tail suspension test,
another behavioral test for animal depression
(53). Additionally, there are reports suggesting
an association between TPH2 and psychiatric
conditions in patients. Further studies will
confirm an involvement of TPH2 in each psy-
chiatric condition.

Developmental Role of TPH1

Neurotransmitters modulate the construction
and plasticity of brain circuits. Serotonergic
neurons are among the earliest neurons to be
generated, and 5-HT is released by growing
axons before conventional synapses are estab-
lished. Pharmacological studies initially showed
that 5-HT can modulate numerous developmen-
tal events, including cell division, neuronal
migration, cell differentiation, and synaptogen-
esis (54–58). Additionally, numerous neurons
transiently express partial serotonergic pheno-
types during development. These neurons store
and release 5-HT but cannot synthesize it. Addi-
tionally, numerous 5-HT receptors show early
and dynamic expression during development.
Therefore, 5-HT was suspected to be a neuro-
transmitter involved in neuronal development.
During the generation of serotonergic neurons
early in development, several transcription fac-
tors could directly activate the transcription of
the genes that define the 5-HT phenotype: TPH,
AADC, SERT and the vesicular monoamine
transporter gene (59,60). As the raphe neurons
begin to differentiate, 5-HT is released and
could have a trophic autocrine effect. In cultures
of raphe neurons, 5-HT amplifies its own syn-
thesis and increases axon outgrowth (61–63).
Altered 5-HT levels during development affect
adult behavior. The abnormalities in open-field
exploration and beam-walking of mice deprived of
monoamine oxidase A, the main enzyme respon-
sible for the degradation of 5-HT, were rescued
when 5-HT levels were controlled during early
postnatal life (64).

We demonstrated the effect of weak TPH1
expression in the developing brain on adult
behavior in mice (26). NZW and SWR mice,
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but not NZB mice, had functional polymor-
phisms in the promoter and 3’ untranslated
regions of the TPH1 gene that resulted in low
5-HT levels during development but not in the
adult (26). We observed a longer immobility
time in adult NZW and SWR mice compared
to NZB mice in forced swim and tail suspen-
sion tests (26). Because the effect was more
apparent in NZW mice than SWR mice in the
tail suspension test, the molecules other than
TPH1 also contributed to the performances of
these mice. Paroxetine, a serotonin-specific re-
uptake inhibitor, shortened the immobility
time in forced swim tests in adult control mice,
whereas paroxetine was ineffective in NZW
mice. Although imipramine treatment partially
decreased immobility in NZW mice, the immo-
bility time was still longer than that of NZB
mice. These observations suggest that func-
tional alterations in the 5-HT system induced
by low 5-HT levels during development can-
not be fully overcome in NZW mice. TPH has
attracted a great deal of scientific interest
because it catalyzes reactions critical for the
proper functioning of the central nervous sys-
tem. TPH1 expression could not be detected
using reverse transcriptase-polymerase chain
reaction at P7. Instead, TPH1 was expressed at
a later developmental stage (26). Therefore,
TPH1 is likely involved in the fine-tuning or
maturation of 5-HT neurons, which might
cause permanent changes in adult behavior.
On the other hand, it is possible that TPH2 is
involved in psychiatric disorders through reg-
ulation of 5-HT neuronal function in the adult
brain, considering that TPH2 is the dominant
enzyme abundant in the brain. The temporally
distinct expression pattern of TPH1 and TPH2
might enable elaborate regulation of 5-HT lev-
els during developmental and adult stages.

Conclusion

The formation of proper neural circuits is
sensitive to activities during well-defined
intervals of postnatal development, and 5-HT
is essential for the development of 5-HT neu-

rons in an autocrine manner in addition to its
action as a crucial neurotransmitter in various
regions of the adult brain. Proper TPH content
during development is likely required for the
maturation of adult brain functions. Further
enzymatic studies are needed under condi-
tions in several brain regions at various devel-
opmental stages. The polymorphisms in the
TPH2 gene have been examined in several psy-
chiatric disorders. Additionally, considering
the results obtained with neurodevelopmental
models of psychiatric disorders (65), a relation-
ship between the polymorphisms in the TPH1
gene and functional neurodevelopmental
abnormalities might be considered in patients
with psychiatric disorders.
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