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Abstract

Serotonin (5-hydroxytryptophan, 5-HT) is a neurotransmitter synthesized in the raphe nuclei of the brain stem and involved in the

central control of food intake, sleep, and mood. Accordingly, dysfunction of the serotonin system has been implicated in the

pathogenesis of psychiatric diseases. At the same time, serotonin is a peripheral hormone produced mainly by enterochromaffin cells

in the intestine and stored in platelets, where it is involved in vasoconstriction, haemostasis, and the control of immune responses.

Moreover, serotonin is a precursor for melatonin and is therefore synthesized in high amounts in the pineal gland. Tryptophan

hydroxylase (TPH) catalyzes the rate limiting step in 5-HT synthesis. Until recently, only one gene encoding TPH was described for

vertebrates. By gene targeting, we functionally ablated this gene in mice. To our surprise, the resulting animals, although being deficient

for serotonin in the periphery and in the pineal gland, exhibited close to normal levels of 5-HT in the brain stem. This led us to the

detection of a second TPH gene in the genome of humans, mice, and rats, called TPH2. This gene is predominantly expressed in the brain

stem, while the classical TPH gene, now called TPH1, is expressed in the gut, pineal gland, spleen, and thymus. These findings clarify

puzzling data, which have been collected over the last decades about partially purified TPH proteins with different characteristics and

justify a new concept of the serotonin system. In fact, there are two serotonin systems in vertebrates, independently regulated and with

distinct functions.

# 2003 Elsevier Inc. All rights reserved.

1. Introduction

Serotonin is a monoaminergic neurotransmitter involved

in a wide variety of brain functions such as mood control,

the regulation of sleep and body temperature, anxiety, drug

abuse, food intake, and sexual behavior [1–6] with trypto-

phan hydroxylase (TPH; EC 1.14.16.4) as the first-step and

rate-limiting enzyme in its biosynthesis [7–9]. TPH uses

Fe2þ as cofactor and O2 and tetrahydrobiopterin (BH4)

as co-substrates to hydroxylate tryptophan generating

5-hydroxytryptophan (5-HT) (Fig. 1). This metabolite is

decarboxylated by aromatic amino acid decarboxylase

(AADC) to 5-HT or serotonin.

The serotonergic projection system is the most extensive

monoaminergic system in the brain of vertebrates, but it is

also the most difficult to study. The roots of this system are

confined to a handful of selectively 5-HT-synthesizing

neurons within the midbrain, pons, and medulla oblongata,

which altogether constitute the several groups of raphe

nuclei B1–B9 [10]. Furthermore, serotonin represents an

intermediate product in melatonin synthesis and, therefore,

the pineal gland expresses highest amounts of TPH under

circadian control with maximal activity in the dark period

[11]. Projections from the pineal gland to several brain

regions have been described [12,13], in which the rate-

limiting enzyme in the biosynthesis of melatonin, serotonin

N-acetyltransferase (AANAT) is present [14], suggesting

local conversion of 5-HT to melatonin in the projection

areas.

Besides the brain and the pineal gland, TPH has been

found in enteric neurons [15], in preimplantation embryos

[16], mast cells [17], and most prominently in enterochro-

maffin cells of the gastrointestinal tract [18]. These cells

are supposed to be the source of 5-HT in the blood where it

is almost exclusively located in the dense core storage

vesicles of thrombocytes [19]. 5-HT has been implicated in

different processes in peripheral tissues, such as regulation

of vascular tone (‘‘serotonin’’ [20,21]) and intestinal moti-

lity [22], primary haemostasis [23], and T cell-mediated

immune responses [24].

The enzyme TPH belongs to a superfamily of aromatic

amino acid hydroxylases (AAAH), together with pheny-

lalanine (PAH) and tyrosine hydroxylase (TH) [25,26].

While the other family members have been studied in great
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detail concerning structure, characteristics, and regulation

[27], TPH has been left behind, due to the extremely low

abundance of TPH mRNA in the CNS and the difficulties

to purify the protein [28], as well as to the lack of

serotonin-producing neuronal cell lines suitable for in vitro

studies [29].

TPH-cDNAs have been cloned from different mamma-

lian species (rabbit: [30]; mouse: [31]; rat: [32]; human:

[33]). The first TPH gene to be characterized contained 11

exons and was located on human chromosome 11 and mouse

chromosome 7 [31,34–37]. For more than a decade this gene

has been thought to be the only TPH gene in the vertebrate

genome [38]. By targeted ablation of this TPH gene (now

called Tph1) in mice, we recently discovered the existence

of a second TPH isoform, TPH2, encoded by an additional

gene on human chromosome 12 and mouse chromosome 10

[39]. TPH1 is mainly present in pineal gland, thymus,

spleen, and gut while TPH2 predominates in brain stem.

This commentary will summarize the history and the rele-

vance of this discovery and the characteristics of TPH2.

2. Historical evidence for two TPH isoforms

Since more than thirty years there is evidence in the

literature for the existence of isoforms of TPH [28,29]. In

purification procedures, two peaks of activity with differ-

ent isoelectric points were detected in total brain protein

preparations probably including brain stem and pineal

gland [40]. Moreover, partially purified TPH enzymes with

different biochemical properties were described, depend-

ing on the analyzed tissues [41–45]. Furthermore, the first

generation of antibodies against TPH purified from a

murine mastocytoma cell line (P815), detected the enzyme

in the gut but not in the brain [46]. Recently developed

monoclonal antibodies could also distinguish between

TPH from brain stem and from pineal gland or detected

products of different sizes in both tissues [47,48]. However,

the widely used commercially available antibodies cross-

react with TPH1 and TPH2 and therefore detect the

enzyme in central and peripheral sites. Until recently, these

differences between TPH from brain stem and pineal gland

or mastocytoma cells were explained by distinct posttran-

slational modifications of TPH in different tissues, e.g.

phosphorylation [25,28].

Further evidence for TPH isoforms came from the

different mRNA to protein levels in the pineal gland and

the raphe nuclei [49–51]. Comparable TPH protein

amounts were present in pineal gland and raphe nuclei

while the mRNA levels were up to 150 times lower in brain

stem. Due to the lack of any other explanation, the diver-

gence in protein/mRNA ratios was attributed to different
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Fig. 1. Catalytic mechanisms in serotonin synthesis. Tryptophan hydroxylase (TPH) is the rate limiting enzyme in serotonin synthesis and catalyzes the

hydroxylation of tryptophan using the cofactor Fe2þ and the co-substrates O2 and tetrahydrobiopterin (BH4). Aromatic amino acid decarboxylase (AADC)

decarboxylates the resulting 5-hydroxytryptophan to yield 5-hydroxytryptamine (5-HT) or serotonin.
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translational efficiencies of TPH1 mRNAs differentially

spliced in the 50-untranslated region. However, at this time

mainly TPH1 mRNA was detected, since the probes used

may have only partially crossreacted with TPH2 mRNA,

and, indeed, TPH1 is expressed at a more than 100-fold

lower level than TPH2 in brain stem [39].

Moreover, early transgenic studies using the Tph1 pro-

moter suggested the existence of an additional TPH gene.

Several genes were expressed in a tissue-specific manner in

transgenic mice using the 6.1 kb 50-flanking region of the

mouse Tph1 gene [52,53]. Highest and in some lines even

exclusive expression of the lacZ reporter gene was found in

the pineal gland [52], a fact that remained unexplained.

Furthermore, in some lines, the reporter gene was also

expressed in brain regions that normally do not express

TPH at detectable levels, such as the superior colliculus,

the cerebellum, and the dentate gyrus [52], but are known

to express AANAT [14]. Since 5-HT has been shown to be

largely distributed in the cell soma and in CNS-invading

processes of the pineal gland [54], it is conceivable, that the

presence of lacZ in central brain regions of the highly

expressing mouse lines was due to pineal projections.

Further support for this explanation comes from the known

expression of AANAT, the rate-limiting enzyme in the

biosynthesis of melatonin, in hippocampus, midbrain, and

brain stem besides other brain regions [14], suggesting

local melatonin synthesis from 5-HT in possible pineal

projections [12].

Concordantly, targeted tumorigenesis in transgenic mice

using the 6.1 kb 50-upstream region of the mouse Tph1

gene fused to the SV40 T-antigen led only to pineal tumors,

not to tumors of major serotonergic brain areas [53].

Interestingly, the invasion of the pineal tumor could be

observed in sagittal brain sections through the hippocam-

pus [53], in our opinion, following pineal projections.

Taken together, all efforts undertaken to identify TPH

isoforms were unfruitful due to the lack of differentiating

molecular probes or antibodies. Nonetheless, a strong

sensibility remained for the existence of possible TPH

isoforms, as can be deduced from several recent reports

[28,48,55].

3. Mice deficient in TPH1

To elucidate the physiological impact of the loss of 5-HT

synthesis, we generated mice genetically deficient for

TPH1 [39]. Although we had expected a lethal phenotype

of this genetic manipulation, as has been found for TH

knockout mice [56], surprisingly, we obtained viable

homozygous Tph1-deficient (Tph1�/�) mice. These mice

lack 5-HT in the periphery, in particular in the gut, in the

blood and in the pineal gland (Fig. 2), and, therefore, they

allow to uncover the actions of 5-HT in cardiovascular

regulation, in primary haemostasis and in the immune

system. Unexpectedly however, there was only a minor

reduction of steady-state 5-HT levels in serotonergic brain

regions of Tph1�/� mice (Fig. 2) suggesting the existence

of a second Tph gene not affected by the gene targeting.

Therefore, we screened the Human Genome Database and

detected a homolog to TPH1 called TPH2. TPH2 cDNAs

were isolated from mouse, rat, and humans and expression

of TPH2 cDNA in cell culture enabled the expressing cells

to synthesize 5-hydroxytryptophan, proving the identity of

TPH2 as a real tryptophan hydroxylase [39]. The expres-

sion of both isoforms is mutually exclusive. TPH2 is

predominantly expressed in brain stem and TPH1 mRNA

is present in peripheral organs such as the intestine, spleen,

and thymus of mice [39]. Furthermore, the very active

5-HT synthesis in the pineal gland, which is considered to

be a peripheral tissue since it is separated from the brain by

the blood–brain barrier, is completely dependent on the

presence of TPH1 (Fig. 2). Therefore, the slightly reduced

5-HT levels in the hippocampus (Fig. 2) could simply

reflect the loss of its synthesis in pinealocytes and con-

comitantly in their processes. Accordingly, a significant

5-HT reduction has been found in hippocampus and mid-

brain of pinealectomized rats [57].

4. Predicted characteristics of TPH2

TPH1 and TPH2 are highly homologous proteins exhi-

biting 71% of amino acid identity in humans (Fig. 3). All

Fig. 2. Serotonin content of whole blood, duodenum, pineal gland,

hippocampus, and frontal cortex in Tph1-deficient mice (TPH�/�)

compared to wild-type (TPHþ/þ). While duodenum, blood and pineal

gland are almost depleted from serotonin, 5-HT is only slightly diminished in

hippocampus and frontal cortex of Tph1-deficient mice (modified after [39]).
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residues which have been detected to be important for the

structural and functional properties of TPH1 are conserved

in TPH2 [58–62]. Therefore, most of the features of TPH1

should also be present in TPH2. In fact, by using TPH

preparations from brain stem, previous reports have

already unwittingly supported this notion. It has been

shown that brain stem TPH (TPH2) can be phosphorylated

by Ca2þ/calmodulin-dependent kinase II (CaMKII) and

Fig. 3. Comparison of human TPH1 and TPH2. The central line indicates identical and similar (þ) amino acid residues. Functionally important residues of

TPH1 are marked. Fe: iron (Fe2þ) binding site, Trp, tryptophan binding site, BH4, co-substrate binding site, 14-3-3, binding site for 14-3-3 proteins, PKA:

protein kinase A phosphorylation site; CaMKII: Ca2þ/calmodulin-dependent protein kinase II phosphorylation site; also, the hydrophobic interaction domain

and the leucine zipper involved in multimerization and the border between the regulatory and the catalytic domains are shown.
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protein kinase A (PKA) [63–65]. The phosphorylation sites

for CaMKII have been mapped to serine 58 and 260 and for

PKA to serine 58 in recombinant TPH1 [58,66–68]. Both

are conserved in TPH2 suggesting that these are also the

phosphorylation sites in the newly discovered isoform.

After phosphorylation, a 14-3-3 protein binds probably to

the phosphoserine residue 58 in TPH1, increases the activity

of the enzyme, and inhibits its dephosphorylation [66,

69–74]. This may be of functional importance since the

activation of both kinases has been implicated in the regu-

lation of 5-HT synthesis and release in the brain [75,76]. On

the other hand, it has recently been shown that phosphor-

ylation of TPH1 by CaMKII triggers its degradation by the

proteasome [55]. It may be speculated that binding of a

14-3-3 protein to TPH competes with proteasome degrada-

tion and occurs only in some tissues or only with one of the

two isoforms in vivo explaining the strikingly different

stabilities described for TPH of different sources [77,78].

Recently, comparison with X-ray structures of PAH and

TH and the first X-ray structural analysis of TPH1 itself has

defined several amino acids involved in the binding of

tryptophan, iron and the cofactor BH4 [58–60,62]. As

shown in Fig. 3 all these residues are identical in TPH2

and may therefore fulfill the same functions in this isoform.

Furthermore, the leucine zipper motif at the C-terminus

and the hydrophobic interaction domain at the N-terminus

of TPH1 responsible for tetramerization of the protein

[68,79–81] are conserved in TPH2 indicating that TPH2

also exists as multimeric complex.

However, there are also molecular differences between

the two isoforms which may be responsible for the

described biochemical and functional differences between

purified TPH preparations from brain stem and peripheral

sources. In particular, the N-termini of the proteins which

contain the regulatory domains are quite divergent. Prob-

ably as a consequence, the Km values for tryptophan of the

purified and recombinant enzymes from carcinoid tumors

and pineal gland (TPH1) have been reported to be between

13 and 23 mM, while the brain stem enzyme (TPH2)

exhibits a value of 142 mM [74].

Nevertheless, all these predicted characteristics of TPH2

have to be verified by experiments with defined isoform

preparations.

5. Clinical implications

As expected from the biochemical and molecular biolo-

gical findings in Tph1�/� mice showing normal serotonin

levels in the brain, no behavioral alterations were detectable,

although the peripheral 5-HT pools were almost depleted

[39]. Therefore, the behavioral effects of 5-HT are fully

uncoupled from 5-HT and its metabolites in peripheral

tissues. This fact is particularly important, since many

efforts have been undertaken to find diagnostically useful

correlations between peripheral levels of 5-HT metabolites

and 5-HT function in the CNS of human patients suffering

from 5-HT-related psychiatric disorders [82,83]. Further-

more, numerous studies have tried to link polymorphisms in

the TPH1 gene to such diseases [84–89]. The negative

outcome of most of these studies is not surprising in light

of the fact that TPH1 is not expressed in brain stem at

considerable level. However, an influence on behavior and

psychiatric diseases via the synthesis of melatonin, for

which TPH1 is essential, cannot be completely excluded.

On the other hand, TPH2 is now a good candidate gene

for 5-HT related psychiatric diseases such as bipolar

affective disorder. Indeed, the chromosomal locus of the
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Fig. 4. Schematic representation of the duality of the serotonergic system. Serotonin is synthetized by two distinct TPH enzymes in the brain (TPH2) and in

the periphery (TPH1). Thus, the indicated peripheral and central functions of serotonin are differentially regulated and can be targeted independently. Only in

the pathogenesis of migraine, serotonin from both sources may be involved.
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human gene, 12q15, has recently been detected with a high

LOD score by a genetic linkage study of families affected

with this disease [90].

The two distinct serotonin systems in the brain and in the

periphery (Fig. 4) allow novel therapeutic approaches

targeting peripheral and central 5-HT synthesis indepen-

dently. Thus, it may be helpful to inhibit peripheral ser-

otonin synthesis in order to interfere with haemostasis or

immune responses without risking unwanted central side

effects. Additionally, drugs could be designed which sti-

mulate central serotonin synthesis without altering hae-

mostasis, in contrast to classical antidepressants which

inhibit serotonin reuptake into cells and thereby sporadi-

cally induce bleeding episodes by depleting platelets from

the hormone [91–93].

6. Conclusions

The discovery of TPH2 explains the previously puzzling

data compiled in the past thirty years about divergent

protein/mRNA ratios and biochemical characteristics of

TPH from peripheral sources and from the CNS. More

importantly, it justifies a change in the concept of the

serotonin system. In fact, there are two serotonin systems

in vertebrates with independent regulation and distinct

functions defined by the two TPH isoforms, TPH1 and

TPH2 (Fig. 4). Consequently, both systems can be targeted

independently by pharmacological agents and new ther-

apeutical options are available for psychiatric diseases on

one side and disorders of haemostasis and the immune

system on the other side.
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