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Deficits in sensorimotor gating, a function to focus on the most salient
stimulus, could lead to a breakdown of cognitive integrity, and could reflect
the “flooding” by sensory overload and cognitive fragmentation seen in
schizophrenia. Sensorimotor gating emerges at infancy, and matures during
childhood. The mechanisms that underlie its development are largely
unclear. Here, we screened the mouse genome, and found that tryptophan
hydroxylase (TPH) is implicated in the maturation of sensorimotor gating.
TPH, an enzyme involved in the biosynthesis of serotonin, proved to be
required only during the weaning period for maturation of sensorimotor
gating, but was dispensable for its emergence. Proper serotonin levels
during development underlie the mature functional architecture for
sensorimotor gating via appropriate actin polymerization. Thus, maintain-
ing proper serotonin levels during childhood may be important for mature
sensorimotor gating in adulthood.

© 2006 Elsevier Ltd. All rights reserved.

*Corresponding author Keywords: actin; 5-HT; psychiatric disorder

Introduction

Attention and information processing dysfunc-
tions have long been considered important in
understanding psychiatric disorders.1 Sensorimotor
gating is a fundamental brain function, by which
excess or trivial stimuli are screened or “gated out”
of awareness by central inhibitory mechanisms in
the early stage of information processing.2 Sensor-
imotor gating is theoretically and reliably measured
by the degree of prepulse inhibition (PPI), the
suppression of the startle response by a relatively
weak preceded stimulus2,3 first documented in
animals in the mid 1860s. In addition to its cognitive
significance, sensorimotor gating has also psycho-
logy's increasing interest. Reduced PPI is shared by
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several common psychiatric and neurodegenerative
disorders such as schizophrenia, Huntington's dis-
ease, Tourette's syndrome, schizotypal disorder,
obsessive-compulsive disorder, and attention-deficit
hyperactivity disorder.4 Based on the gating deficit
theory that schizophrenic patients should have
increased distractibility due to their impaired ability
to screen out irrelevant cues, gating deficits could
lead to a breakdown of cognitive integrity and
difficulty in distinguishing self from nonself5,6

and could reflect the “flooding” by sensory overload
and cognitive fragmentation seen in schizophrenia.1

Indeed, antipsychotic agents used in the treatment of
schizophrenia can increase PPI and reverse drug-
induced deficits in animal models of sensorimotor
gating.7 Furthermore, some studies have shown that
deficits in sensorimotor gating correlate with nega-
tive symptoms and thought disorder in schizophre-
nic patients.8–10 Meincke et al. suggested that PPI
deficits in schizophrenic patients appeared to be
state-dependent.11 Relative to control subjects, patients
with schizophrenia had lower PPI only in the acute,
but not in the improved clinical state. Larger PPI
deficits were associated with more severe formal
thought disorder and bizarre behavior.
An extensive series of anatomical and pharmaco-

logical approaches characterizing PPI have elicited
the regions responsible, and transmitters involved in
adulthood.12,13 Studies involving rats indicate that
multiple transmitter systems modulate PPI includ-
ing dopamine, glutamate, acetylcholine, GABA, and
serotonin (5-hydroxytryptamine (5-HT)). In regard
to serotonergic influences on PPI, agonists and
antagonists of 5-HT receptors including 5-HT1A, 5-
HT1B, and 5-HT2C receptors modulate PPI in the
adult.14 The functional organization of the ultimate
wiring patterns of the adult brain can be made up in
the course of development through brain matura-
tion. Subtle PPI can be obtained in infants. Then, a
progressive increase in PPI occurs by eight years of
age.15–17 It is, therefore, likely that the formation
of mature neural circuits for sensorimotor gating
is achieved during childhood. The 5-HT system is
an attractive candidate that underlies the maturation
of sensorimotor gating during childhood because 5-
HT is essential for the development of 5-HT neurons
in an autocrine manner18 in addition to its action as a
crucial neurotransmitter in various regions in the
adult brain. Changes in brain 5-HT content during
development could disturb the development of 5-HT
neurons involved in the PPI circuit, which might
impair adult PPI. Tryptophan hydroxylase (TPH) is
the rate-limiting enzyme in the synthesis of 5-HT.
There are two isoforms (TPH1 and TPH2) of TPH.
The distinction between the two was clearly demon-
strated by Walther and colleagues who found the
newer isoform, TPH-2.19 They found part of a TPH
gene on mouse chromosome 12 in the Genbank
database. Subsequently, they identified homologous
genes in rats and humans. Then, the tryptophan-
hydroxylating activity of TPH2 was demon-
strated.19,20 TPH2 mRNA is preferentially ex-
pressed in the brain.19 In contrast, TPH1 mRNA is

mainly expressed in the pineal gland and the
periphery. However, TPH1 was found to be
expressed predominantly during the late develop-
mental stage in the brain.21

Previous studies using recombinant congenic
strains have demonstrated wide variation in
PPI,22,23 indicating that PPI is under genetic control.
However, genes regulating the development of PPI
have not yet been identified using genome screen-
ing. Considering neurodevelopmental models of
psychiatric disorders,24 the identification of genes
involved in the development of PPI may be relevant
to the development of gate-intrusive psychiatric
disorders.
Here, genome-wide screening using available

mouse microsatellite markers and backcrossed
mice were used to determine the molecule relevant
to the development of sensorimotor gating, which
affects the function in adults. We found that TPH, a
rate-limiting enzyme in 5-HT biosynthesis, is
required for the maturation of sensorimotor gating
during development. Further analyses with phar-
macological and cell biological approaches revealed
that reduced 5-HT levels during development result
in an enhanced actin polymerization of 5-HT
neurons.

Results

TPH1 gene is implicated in the development of
sensorimotor gating

We found that the New Zealand White (NZW)
mouse is a strain exhibiting a low PPI level, and
compared the developmental time-course of PPI in
NZW mice with that in New Zealand Black (NZB)
mice. As shown in Figure 1(a), when PPI emerged at
P14, the levels were comparable between the two
strains. A robust increase was observed between P14
and P24, during which time a difference between the
two strains became apparent. The difference
observed at P24 essentially persisted until adult-
hood. Statistical analyses revealed a significant
effect of strain (ANOVA, F1, 81=13.4, P<0.001). An
effect of age was also observed (F4, 81 = 42.8,
P<0.001), and there was interaction between age
and strain (F4, 81=3.0, P=0.02). Post hoc tests demon-
strated a significant difference between NZB and
NZW at P24 (P=0.008), P35 (P<0.001), and P65
(P=0.046). A significant increase was found
between P14 and P24 in NZB mice (P<0.001), but
not in NZW mice (P=0.09). The prominent differ-
ence found during the developmental stage allowed
us to screen for the system critical for the maturation
of PPI by comparing the NZW genome with the
NZB genome. Since the PPI value was significantly
higher in NZB/NZW F1 (B/W F1) mice than NZW
mice at two months of age (Figure 1(b)), we
performed a quantitative trait loci (QTL) genome-
wide scan of PPI using B/W F1 × NZW backcrossed
mice at two months old.
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