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Role of Production and Degradation of Serotonin During Development
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Abstract: Serotonin (5-hydroxytryptamine [5-HT]) is one of the major neurotransmitter in the brain. Since 5-HT is car-
ried by 5-HT transporters and the biological activities of 5-HT are exerted through 5-HT receptors, disturbed regulation of
5-HT transporters and receptors in the adult brain has been implicated in pathological conditions in central nervous sys-
tems. On the other hand, proper 5-HT neurotransmission during development underlies the mature functional architecture
of serotonergic neurons, and an increasing body of evidence suggests the involvement of developmental brain distur-
bances in psychiatric disorders. Genetic mouse models have shown that 5-HT receptors and the 5-HT transporter acting
during developmental stages modulate developmental processes. In addition, recent works demonstrated that appropriate
5-HT production and 5-HT degradation during develoment are needed for the development of 5-HT neurons and brain
functions in the adult. In this review article, we focus on the importance of activities of tryptophan hydroxylase (TPH), the
rate-limiting enzyme in 5-HT biosynthesis and monoamine oxidase A (MAOA), a catabolic enzyme responsible for deg-
radation of 5-HT during development for the brain functions in the adult.
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INTRODUCTION

Serotonin (5-hydroxytryptamine [5-HT]) is a crucial neu-
rotransmitter implicated in a variety of physiological and
pathological functions in the central nervous systems [1, 2].
Numerous studies have suggested associations between vari-
ous neuropsychiatric disorders and genes that modulate 5-
HT neurotransmission such as the 5-HT transporter and 5-
HT receptors [2, 3]. These findings indicate that transport of
5-HT into the cells and signal transduction through 5-HT
receptors play central roles in 5-HT-related pathology. In-
deed, selective serotonin reuptake inhibitors are used for the
treatment for several psychiatric disorders [2, 4].

The early expression of neurotransmitters and receptors
in the developing brain has brought attention to their poten-
tial contribution in modulating neuronal developmental
processes. Monoamines are among the first neurotransmitter
systems to develop during embryogenesis. In addition to its
action as a crucial neurotransmitter in various regions in the
adult brain, 5-HT is essential for development of 5-HT neu-
rons in an autocrine manner [5]. Therefore, reduced brain 5-
HT level during development could disturb the development
of 5-HT neurons that underlies adult brain functions. Indeed,
genetic mouse models showed the observations that deletion
of 5-HT receptors (5-HT1A, 5-HT1B, 5-HT2C) or the 5-HT
transporter cause both developmental defects in the nervous
system and behavioral phenotypes in the adult [5].

In addition to such direct “effector” molecules that dic-
tate transport or signal transduction of 5-HT, molecules re-
sponsible for 5-HT production or 5-HT degradation are also
suggested to be involved in the development of neurons and
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brain functions in the adult. As the pathway of 5-HT biosyn-
thesis, tryptophan hydroxylase (TPH), a member of a family
of pterin-dependent aromatic amino acid hydroxylases, cata-
lyzes the formation of 5-hydroxy-L-tryptophan (5-HTP)
from L-tryptophan, the first step in the biosynthesis of the
neurotransmitter 5-HT [6-9]. There are two TPH isoforms.
TPH2 and TPH1 are preferentially expressed in the brain and
periphery including the skin, respectively [10, 11]. Aromatic
L-amino-acid decarboxylase (AADC) subsequently mediates
the production of 5-HT (Fig. 1). A minimal Kinetic mecha-
nism for a hydroxylase would involve substrate binding,
formation of the hydroxylating intermediate, hydroxylation,
and product dissociation. TPH activity is also dependent on
the co-substrate. TPH is a monooxygenase, incorporating
one atom of oxygen from molecular oxygen into the sub-
strate and reducing the other atom to water. The two elec-
trons required for the reduction of the second atom to water
are supplied by the 6R-L-erythro-5,6,7,8-tetrahydrobiopterin
(BH4). BH4 acts as co-substrate rather than tightly bound
cofactor. Thus, TPH, AADC and BH4 are key factors for the
production of 5-HT. Then, the resultant 5-HT needs to be
eliminated by degradation. Monoamine oxidases (MAOA
and MAOB), the enzymes that de-aminate biogenic amines,
are responsible for this step.

In this review article, we will first introduce molecules
involved in development of serotonergic system. Then, we
will show the defects of neural circuit during development
and altered brain functions in the adult induced by inactiva-
tion of each serotonergic molecule. Since there are some
articles suggesting the importance of 5-HT receptors and the
5-HT transporter during development [5, 12], we particularly
focus on the importance of TPH, the rate-limiting enzyme in
5-HT biosynthesis and MAOA, a catabolic enzyme respon-
sible for degradation of 5-HT during development for brain
functions in the adult.
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Fig. (1). The pathway of 5-HT biosynthesis.

1. Development of 5-HT Neurons

Serotonergic neurons are generated on embryonic days
10 (E10) to E12 in the mouse [13]. One day after their
generation, raphe neurons can synthesize 5-HT and begin to
extend axon tracts. The full maturation of the axon terminal
network is achieved only after birth in rodents [14].

Then, the region of the neural tube in which the 5-HT
precursor neurons will be produced is specified. Shh, Fgf4
and Fgf8, which are produced by the notochord, the
primitive streak and the mid-hindbrain junction, respectively,
act together to specify 5-HT precursor cells [15]. Analysis of
a constitutively active form of Smoothened, an Shh receptor,
transgenic mouse line indicated a role of the Shh receptor in
the dorsoventral control of the 5-HT phenotype [16]. In
addition, Otx2 may be responsible for the formation of 5-HT
neurons [17, 18].

Then, recent study by Jacob et al. showed exciting results
that how visceral motor neurons (VMNSs) and serotonergic
neurons are sequentially generated from a common progeni-
tor pool in the vertebrate hindbrain, and found that the fork-
head transcription factor Foxa2, acting in progenitors, is es-
sential for the transition from VMN to serotonergic neuro-
genesis [19]. Foxa2 activates the switch through a temporal
cross-repressive interaction with paired-like homeobox 2b
(Phox2b), the VMN progenitor determinant. Moreover, the
subsequent differentiation of central serotonergic neurons
required both the suppression of VMN neurogenesis and the
induction of downstream intrinsic determinants of serotoner-
gic identity by Foxa2.

Next stage is the establishment of the enzymatic
machinery that is necessary for the production and
metabolism of 5-HT. Proper development and maintenance
of the 5-HT transmitter system requires expression of nu-
merous proteins that together define the mature phenotypes
of 5-HT neurons. 5-HT biosynthesis by TPH and reuptake of
the transmitter by the 5-HT transporter constitute two essen-
tial functions of 5-HT neurons that must be coupled for
proper serotonergic synaptic transmission. Notably, expres-
sion of the TPH and the 5-HT transporter genes is restricted
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nearly exclusively to 5-HT neurons [20-22]. The more
broadly expressed AADC and vesicular monamine trans-
porter 2 (VMAT?2) are required for the second and final step
of 5-HT synthesis and for packaging of 5-HT in synaptic
vesicles, respectively. The expression of a transcription
factor Petl is strictly limited to the raphe nuclei, and appears
one day before the serotonergic neurons can be identified.
Petl could be required for the terminal differentiation of
most of the raphe neurons by activating the transcription of
the genes responsible for 5-HT production (TPH and AADC)
and 5-HT transport (the 5-HT transporter and VMAT) [23,
24]. Indeed, counts of 5-HT immunoreactive cell bodies in-
dicated an 80% deficiency in the rostral and caudal domains
of Pet-1 null mice, which was caused by failure to differenti-
ate into mature serotonergic neurons in the raphe nuclei. The
remaining neurons show reduced expression of TPH and the
5-HT transporter in Petl-deficient mice [25].

2. Involvement of 5-HT Production and 5-HT Degrada-
tion During Development in Morphological Changes and
Animal Behavior

The findings seen in a transcription factor Petl null mice
provide a supporting evidence that disorganization of sero-
tonergic system during development leads to morphological
or functional changes of 5-HT neurons, thereby resulting in
behavioral alterations in the adult. Petl activates the
transcription of the genes responsible for 5-HT production
(TPH and AADC) and 5-HT transport (the 5-HT transporter
and VMAT). Pet-1 null mice have generally normal health,
activity, motor coordination and learning. However, the
standard resident-intruder assay of isolation-induced inter-
male aggression revealed increased aggression in male Pet-1
null mice. The elevated plus maze test also revealed anxiety-
like behavior in adults [25]. The authors suggested that the
increased anxiety-like behavior of Pet-1 null mice may result
at least in part from a deficiency of serotonergic innervation
of forebrain.

2.1. 5-HT Production

Among TPH, AADC and BH4, the effects of inactivation
of TPH on neuronal architecture and behavior are well stud-
ied. Injection of drugs that deplete 5-HT during embryonic
stages resulted in several kinds of defects in neural develop-
ment. Involvement of 5-HT in neurogenesis was suggested
long time ago by Lauder and Krebs. They tested by adminis-
tering a TPH blocker, p-chlorophenylalanine (PCPA) to
pregnant rats and dating the time of last cell division for fetal
neurons using long survival 3H-thymidine autoradiography.
PCPA specifically retarded the onset of neuronal differentia-
tion in brain regions known to contain 5-HT terminals or to
have a high 5-HT content in the adult (5-HT target cells)
[26].

Since the cerebral cortex is widely innervated by 5-HT-
containing axons originating from neurons in the raphe nu-
clei, appropriate amount of 5-HT during development likely
underlie the development of cortical neurons and dendritic
arborization [27, 28]. Vitalis et al. analyzed the short- and
long-term consequences of embryonic 5-HT depletion on the
development of the cerebral neocortex of the rat using PCPA
during the E12-17 stage of embryonic development, when
major events in corticogenesis take place [29]. They found
that E12-17 PCPA treatment altered the maturation of py-
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ramidal neurons of layers Il and V of the somatosensory
cortex, with these cells displaying reduced dendritic arbori-
zation and complexity. They also showed that PCPA treat-
ment transiently altered the incorporation in the cortical plate
of interneurons derived from the caudal ganglionic emi-
nence, and persistently affected the differentiation of a sub-
population expressing calretinin and/or cholecystokinin. This
study suggests the crucial role of 5-HT during embryonic
stages in the development of cortical neurons.

The importance of 5-HT after birth for cortical interneu-
ron development was also observed. Depletion of neocortical
serotonin afferents with monoamine neurotoxin 5,7-
dihydroxytryptamine on the date of birth {postnatal day 0
(PO)} resulted in a permanent alteration of the dendritic ar-
borization of calretinin-containing interneurons, and a tran-
sient delay of parvalbumin and calbindin expression in a
number of cortical neurones during the second postnatal
week [30]. The involvement of 5-HT in the development of
cortical neurons was also assessed using ectopic transplants
of E14 primordial neocortex from rats. Petrova and Otellin
suggested that 5-HT might promote survival of the trans-
planted neuroepithelial cells and their differentiation into
nerve cells, and might be involved in the regulation of their
proliferation [31].

The disturbed 5-HT production during development af-
fects not only neural organization but also brain function in
the adult. A recent study demonstrated that TPH is impli-
cated in the mature functional architecture for sensorimotor
gating via appropriate actin polymerization [32, 33]. Sen-
sorimotor gating is a brain function, by which excess or triv-
ial stimuli are screened or “gated out” of awareness by cen-
tral inhibitory mechanisms in the early stage of information
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processing [34]. Sensorimotor gating is theoretically and
reliably measured by the degree of prepulse inhibition (PPI),
the suppression of the startle response by a relatively weak
preceded stimulus [34, 35]. Reduced PPI is shared by several
common psychiatric and neurodegenerative disorders such as
schizophrenia, Huntington’s disease, Tourette’s syndrome,
schizotypal disorder, obsessive-compulsive disorder, and
attention-deficit hyperactivity disorder [36]. Based on the
theory, gating deficits could lead to a breakdown of cogni-
tive integrity and difficulty in distinguishing self from non-
self [37, 38] and could reflect the “flooding” by sensory
overload and cognitive fragmentation seen in schizophrenia
[39]. Indeed, antipsychotic agents used in the treatment of
schizophrenia can increase PPl and reverse drug-induced
deficits in animal models of sensorimotor gating [40]. Fur-
thermore, some studies have shown that deficits in sensori-
motor gating correlate with negative symptoms and thought
disorder in schizophrenic patients [41-43]. Agonists and an-
tagonists of 5-HT receptors such as 5-HT, agonist 8-OH-
DPAT, 5-HTi1a1p agonist RU24969, selective 5-HT;5 an-
tagonist WAY 100,635 and 5-HT, agonist DOl modulate PPI
in the adult [44], and a progressive increase in PPl occurs by
8 years of age [45-47]. Therefore, it is likely that the forma-
tion of mature neural circuits for sensorimotor gating is
achieved during childhood, and changes in brain 5-HT con-
tent during development could disturb the development of 5-
HT neurons involved in the PPI circuit, which might impair
adult PPI.

Pharmacological experiments defined the sensitive period
for the development of PPI (Fig. 2) [32, 33]. The blockade of
TPH using PCPA from P21 to P24, but not earlier or later
time points, perturbed the PPl of New Zealand Black (NZB)
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Fig. (2). The sensitive period when 5-HT is required for the maturation of sensorimotor gating is from P21 to P24 in rodents. A to E- Vehicle
or PCPA was given to mice during P1-P7 (A), P9-P13 (B), P15-P19 (C), P21-P24 (D) or P42-P46 (E), and the percentage of PPI at a pre-
pulse intensity of 80-dB was measured at P14, P28 and/or P65. Closed squares indicate the period drugs were given. F- Percentage of pre-
pulse inhibition at a prepulse intensity of 65-dB in adult rats administered vehicle, PCPA or PCPA plus 5-HTP from P21 to P24. Error bars
represent the mean + SEM. *P < 0.05, **P < 0.01, (J Mol Biol 2006; 363: 345-54. Copyright by Elsevier).
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mice with normal PPI levels. Reduced PPI in adulthood was
also observed when we injected PCPA during P21-P24 into
rats. When the 5-HT precursor 5-HTP was given together
with PCPA from P21 to P24, the attenuation of PPI was res-
cued in these rats. Therefore, the sensitive period when
proper 5-HT levels are required for PPI in adulthood proved
to be from P21 to P24 in rodents.

2.2. 5-HT Degradation (MAOA)

A line of transgenic mice in which transgene integration
caused a deletion in the gene encoding MAOA, a catabolic
enzyme responsible for degradation of 5-HT, was used for an
animal model of MAOA deficiency. These MAOA-deficient
mice caused 5-HT accumulation (up to ninefold) during
early postnatal period and cytoarchitectural changes in the
somatosensory cortex [48]. Behavioral studies revealed pup
behavioral alterations, including trembling, difficulty in
righting, and fearfulness. These behavioral changes were
reasonably reversed by the 5-HT synthesis inhibitor PCPA.
Adults manifested a distinct behavioral syndrome, including
enhanced aggression in males [48].

The animal model of MAOA deficiency provided a good
opportunity to test the effect of alterations of 5-HT levels
during development on brain wiring and the behavioral
changes in the adult. A complete absence of barrels in the
somatosensory cortex seen in MAOA-deficient mice is also
caused by pharmacological inhibition of MAOA in wild type
mice. The MAOA inhibitor clorgyline was administered to
mice of the outbred strain OF1 for various time periods be-
tween E15 and P7, and the barrel fields were analyzed in P10
and adult mice. Clorgyline treatments from E15 to P7 or
from PO to P7 disrupted the formation of barrels in the ante-
rior snout representation and in parts of the posteromedial
barrel subfield. Interestingly, clorgyline treatments only dur-
ing embryonic life or starting on P4 caused no detectable
abnormalities. These observations indicate that the critical
period for abnormal brain wiring in the somatosensory cor-
tex proved first postnatal week, and the inhibition of MAOA
during embryonic days or in the adult does not result in visi-
ble effects [48, 49]. For the effect of normalization of 5-HT
levels on the behavior in the mutant mice, treatment with the
inhibitor of 5-HT synthesis PCPA from birth to P14 in
MAOA-deficient mice greatly improved their walking pos-
ture on the beam. Therefore, the behavioral change seen in
beam walking of MAOA-deficient mice were rescued when
5-HT levels during early postnatal period were controlled
[50]. Although MAOA also oxidizes norepinephrine, future
works will further strengthen the specific relationship among
the behavioral changes, MAOA and 5-HT levels.

CONCLUSION

The organization of proper neural circuits responsible for
each brain function is sensitive to neuronal activities during
the well-defined interval during development. 5-HT is essen-
tial for the development of 5-HT neurons in an autocrine
manner. Further precise studies will clarify whether the ana-
tomical defects led by reduced 5-HT production during de-
velopment are the fine-tuning of 5-HT neuronal connections
and are distinct from those seen in 5-HT receptors or the 5-
HT transporter. The functional relationship between the sub-
tle changes in 5-HT neuronal networks in the adult induced
by reduced 5-HT production during development and disor-
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ganized brain functions in the adult may be also investigated.
In addition, elaborate experimental designs will define the
sensitive period for the activities of molecules responsive for
5-HT production and 5-HT degradation during development
that are required for organization of several other brain func-
tions in the adult. Such information might serve as substitu-
tion therapy of serotonergic substances during development
to prevent prospective disorganized brain functions in the
adult, providing the association between the polymorphisms
in the molecule dictating 5-HT production or 5-HT degrada-
tion and the defect of brain functions can be confirmed with
careful examinations.

ABBREVIATIONS
AADC

Aromatic L-amino-acid decarboxylase

BH4 = 6R-L-erythro-5,6,7,8-tetrahydrobiopterin

5-HT = 5-hydroxytryptamine

5-HTP = 5-hydroxy-L-tryptophan

MAOA = monoamine oxidase A

PCPA = p-chlorophenylalanine

Phox2b = paired-like homeobox 2b

PPI = prepulse inhibition

TPH = tryptophan hydroxylase

VMAT = vesicular monamine transporter

VMN = visceral motor neurons
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