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Abstract

The neurobiology of anxiety is complex, reflecting the cumulative physiological effects of multiple genes. These genes are interactive
with each other and with the environment in which they are expressed. Variation in genes coding for proteins that control serotonin (5-HT)
system development and plasticity, establish 5-HT neuron identity, and modulate 5-HT receptor-mediated signal transduction and cellular
pathways have been implicated in the genetics of anxiety and related disorders. Here, we selected anxiety and avoidance as paradigmatic
traits and behavior and cover both traditional studies with inbred murine strains and selected lines which have been modified by gene
knockout technologies. The design of a mouse model partially or completely lacking a gene of interest during all stages of development
(constitutive knockout) or in a spatio-temporal context (conditional knockout) is among the prime strategies directed at elucidating the role of
genetic factors in fear and anxiety. In many cases, knockout mice have been able to confirm what has already been anticipated based on
pharmacological studies. In other instances, knockout studies have changed views of the relevance of 5-HT homeostasis in brain
development and plasticity as well as processes underlying emotional behavior. In this review, we discuss the pertinent literature regarding
phenotypic changes in mice bearing inactivation mutations of 5-HT receptors, 5-HT transporter, monoamine oxidase A and other components
of the serotonergic pathway. Finally, we attempt to identify future directions of genetic manipulation in animal models to advance our
understanding of brain dysregulation characteristic of anxiety disorders.
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1. Introduction

Behavioral, imaging, pharmacologic, and genetic stud-
ies indicate that anatomically and functionally distinct
neural circuits as well as numerous neurotransmitters,
growth factors, hormones, and their intracellular signaling
effectors influence fear and anxiety in humans and animal
models (Ninan, 1999). In humans, fear and anxiety repre-
sent internal emotional states and are natural adaptive
consequences of stress that help to cope with the stressor.
However, unlike the relatively mild, brief anxiety resulting
from a stressful event such as an exam or public speaking,
anxiety disorders are dysfunctional, chronic, persistent, and
can grow progressively worse if not treated. Anxiety in
rodents is defined as a high level of avoidance of novel
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and unfamiliar environment and increased fear reaction
(Finn et al., 2003; Weiss et al., 2000). Other aspects of
anxiety such as autonomic activation, increased stress
reactivity, and neuroendocrine abnormalities have also
been described. There are a number of experimental
paradigms that have been used to detect and quantify these
“anxiety-like” behaviors (Crawley, 1999; Crawley and
Paylor, 1997). When rodents are introduced into a novel
environment, they tend to move around the perimeter of
the environment (“open field”). They stop occasionally
and rear up, sniffing the walls and the floor. They spend
very little time in the open center of the area, especially at
first. If they have a choice, they will spend more time in a
dark area than in a brightly lit one (“light-dark Box™).
They will spend more time in a small, elevated area
enclosed by walls than in an elevated area without walls
(“elevated plus maze’). When they move from one
delimited area into another, they often engage in a kind
of stretching-out behavior. Anxiety-related traits often
seem to be opposed to novelty-seeking behavior support-
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ing the view that avoidance and curiosity share common
biological underpinnings.

Behavioral genetics has persuasively demonstrated the
relevance of both genetic and environmental factors for
anxiety-related traits as well as anxiety disorders (Lesch,
2002; Lesch et al., 2002). It is no longer controversial
whether nature or nurture shapes trait development but
how complex genetic and environmental factor interact in
the configuration of a behavioral phenotype. A complemen-
tary approach to genetic studies of anxiety and related
disorders in humans involves investigation of genes and
their protein products implicated in the brain neurocircuitry
of fear and anxiety in animal models (Finn et al., 2003;
Lesch, 2001a). An increasing body of evidence suggests
that genetically driven variability of expression and function
of proteins that regulate the function of brain neurotrans-
mitter systems (e.g., receptors, ion channels, transporters,
and enzymes) is associated with complex behavioral traits.
Based on these findings, research is also giving strong
emphasis to the molecular psychobiological basis of anxi-
ety-related behaviors in rodents and, increasingly, non-
human primates. Identification of molecular component of
the neural circuits involved in fear and anxiety are currently
leading to new candidate genes of presumed pathophysio-
logic pathways, in addition to candidates that are commonly
derived hypothesized pathogenetic mechanisms of the dis-
order or from observations of therapeutic response.

Here, we describe fundamental aspects of the genetics of
anxiety-related traits and responses and attempt an appraisal
of quantitative genetic research in mice. This overview
specifically focuses on behavioral and physiological con-
sequences in mice with genetic manipulation of the seroto-
nergic pathway and emphasizes its implications for the
serotonin (5-HT) hypothesis of anxiety disorders as well
as for novel anxiolytic drug development. Finally, we will
discuss conceptual issues in the search for candidate genes
for anxiety and for the development of mouse models of
anxiety disorders.

2. Quantitative genetics of fear and anxiety

Quantitative genetic research on animal models consists
primarily of inbred strain and selection studies. While
comparisons between different inbred strains of mice expose
remarkable differences in measures of anxiety-related be-
havior, such as performance in the open field or elevated
plus maze paradigm, differences within strains can be
attributed to environmental influences. Inbred and recombi-
nant inbred strain studies are highly efficient in dissecting
genetic influences, for investigating interactions between
genotype and environment, and for testing the disposition-
stress model (Eley and Plomin, 1997; Flint and Corley,
1996). In addition, embryo transfer and cross fostering have
been employed to identify pre- and postnatal epigenetic
mechanisms (Francis et al., 1999, 2003).

Selective breeding of mice for many generations produ-
ces difference between high and low anxiety lines that
steadily increase each generation. Selection studies of be-
havioral traits strongly suggest a genetic influence and that
many genes contribute to variation in behavior. Mice strains
that have been selectively bred to display a phenotype of
interest are currently being used to identify genetic loci that
contribute to behavioral traits. The quantitative trait locus
(QTL) approach has been applied with some success to a
trait in mice called “emotionality” (Flint et al., 1995).
Crosses between the high and low activity selected mouse
lines yielded three QTL regions that appear to be related to
various measures of fearfulness. A modified QTL strategy
that uses recombinant inbred mouse strains produced can-
didate QTLs for open field fearfulness (Phillips et al., 1995).

Using the light—dark transition paradigm, Gershenfeld
and Paul (1997) reported a significant QTL on chromosome
10 (near D10Mit237) and suggestive QTL were mapped to
chromosomes 6, 15, 19, and X. For the open field test, QTL
were identified on chromosome 1 and suggestive QTL were
mapped to chromosomes 6 and 14. These QTL individually
explain from 2.3% to 8.4% of the phenotypic variance and,
when taken together, the multiple independent QTL repre-
sent 3.5% to 26.5% of the phenotypic variance, depending
on the trait. The complexity and heterogeneity of the genetic
factors underlying anxiety-like behaviors are illustrated by
the lack of shared QTL between paradigms.

However, such linkage analyses provide only a rough
chromosomal localization, whereas the next step, identify-
ing the relevant genes by positional cloning, remains a
challenging task (Tecott and Barondes, 1996). Since mice
and humans share many orthologous genes mapped to
synthenic chromosomal regions, it is conceivable that indi-
vidual genes identified for one or more types of murine
anxiety-related behavior may be developed as animal mod-
els for human anxiety. Following chromosomal mapping of
polymorphic genes and evaluation of gene function using
knockout (KO) mutants, behavioral parameters, including
the type of anxiety, measure of anxiety, and test situation are
investigated. Thus, the combination of elaborate genetic and
behavioral analyses results in the identification of many
genes with effects on variation and development of murine
anxiety-related behavior and, ultimately, mouse QTL re-
search is likely to generate candidate genes for human
anxiety disorders (Eley and Plomin, 1997).

Recent advances in gene targeting (constitutive or con-
ditional knockout techniques) are increasingly impacting
upon our understanding of the neurobiologic basis of
anxiety- and depression-related behavior in mice (Lesch,
2001a). However, the majority of neural substrates and
circuitries that regulate emotional processes or cause anxiety
disorders remain remarkably elusive. Among the reasons for
the lack of progress are several conceptional deficiencies
regarding the psychobiology of fear and anxiety, which
make it difficult to develop and validate reliable models.
The clinical presentation of anxiety disorders and the lack of
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consensus on clinical categories further complicate the
development of mouse models for specific anxiety disor-
ders. In addition, human anxiety disorders encompass not
only the behavioral trait of inappropriate fear but also the
cognitive response towards this disposition. This response,
however, is substantially modulated by environmental fac-
tors including cultural determinants, rearing, and sociocul-
tural context. Investigations on the neurobiological basis of
anxiety disorders therefore rely on the accurate dissection of
behavioral dysfunctioning from other factors. The dilemma
that no single paradigm mimics the diagnostic entities or
treatment response of anxiety disorders may reflect that
current classification systems are not based on the neurobi-
ology of disease, rather than the failure to develop valid
mouse models.

Various approaches have been employed to study anxi-
ety-related traits in mice and the majority postulate that
aversive stimuli, such as novelty or potentially harmful
environments induce a central state of fear and defensive
reactions, which can be assessed and quantified through
physiologic and behavioral paradigms (Crawley, 1999;
Crawley and Paylor, 1997). While substantial similarities
between human and murine avoidance, defense or escape
response exist, it remains obscure whether mice also expe-
rience subjective anxiety and associated cognitive processes
similar to humans or whether defense responses represent
pathological expression of anxiety in humans. In general,
pathological anxiety may reflect an inappropriate activation
of normally adaptive, evolutionarily conserved defense
reaction. It should therefore be practicable to elucidate both
physiologic and pathologic anxiety by studying avoidant
and defensive behavior in mice using a broad range of
anxiety models to ensure comprehensive characterization of
the behavioral phenotype.

3. Serotonergic system and emotionality

A neural circuit composed of several regions of the
prefrontal cortex, amygdala, hippocampus, medial preoptic
area, hypothalamus, anterior cingulate cortex, insular cortex,
ventral striatum, and other interconnected structures have
been implicated in emotion regulation including the associ-
ated affective phenomena of fear and anxiety. Fear and
anxiety-related circuits involve pathways transmitting infor-
mation to and from the amygdala to various neural networks
that control the expression of avoidant, defensive or aggres-
sive reactions, including behavioral, autonomic, and stress
hormone responses (Gorman et al., 2000). While pathways
from the thalamus and cortex (sensory and prefrontal)
project to the amygdala, inputs are processed within intra-
amygdaloid circuitries and outputs are directed to the
hippocampus, brain stem, hypothalamus, and other regions.
Thus, the amygdala-associated neural network is critical to
integration of the “fight or flight” response. Although the
brain systems mediating anxiety-related responses appear to

be fairly constant among mammals, several details of the
regulatory pathways are species specific. While genetic and
environmental factors contribute to the structure and func-
tion of this circuitry, the amygdala is central to processes of
learning to associate stimuli with events that are either
punishing or rewarding.

The function of the amygdala in emotion regulation is
highly complex. Perception of danger or threat are trans-
mitted to the lateral nucleus of the amygdala, which projects
to the basal nuclei where information regarding the social
context derived from orbitofrontal projections is integrated
with the perceptual information. Behavioral responses can
then be initiated via activation of projections from the basal
nuclei to various association cortices, while physiological
responses can be produced via projections from the basal
nuclei to the central nucleus and then to the hypothalamus
and brainstem. Excessive or insufficient activation of the
amygdaloid complex leads to either disproportionate nega-
tive emotionality or impaired sensitivity to social signals.
The orbitofrontal cortex, through its connections with other
domains of the prefrontal cortex and with the amygdala,
plays a critical role in limiting emotional outbursts, and the
anterior cingulate cortex recruits other neural systems dur-
ing arousal and other emotions. Functional or structural
abnormalities in these regions or in their interconnections
can modify emotionality and anxiety.

In humans, non-human primates, and other mammals,
preclinical and clinical studies have accumulated substantial
evidence that serotonergic signaling is a major modulator of
emotional behavior including fear and anxiety, as well as
aggression and integrates complex brain functions such as
cognition, sensory processing, and motor activity. This
diversity of these functions is due to the fact that 5-HT
orchestrates the activity and interaction of several other
neurotransmitter systems. The central 5-HT system, which
originates in the midbrain and brainstem raphe complex, is
widely distributed throughout the brain and its chemical
messenger is viewed as a master control neurotransmitter
within this highly elaborate system of neural communication
mediated by 14+ pre- and postsynaptic receptor subtypes
with a multitude of isoforms (e.g., functionally relevant
splice variants) and subunits. The prefrontal cortex receives
major serotonergic input, which appears dysfunctional in
individuals who are emotionally unstable and stress reac-
tive. Individuals vulnerable to faulty regulation of emotion-
ality are therefore at risk for anxiety-related disorders.

The level of 5-HT in the synaptic (and extrasynaptic)
space is restricted by the synchronized action of at least
three components. Firing of raphe 5-HT neurons is con-
trolled by 5-HT,, autoreceptors located in the somatoden-
dritic section of neurons. Release of 5-HT at the terminal
fields is regulated by the 5-HT; receptor. Once released, 5-
HT is taken up by the 5-HT transporter located at the
terminals (and the somatodendritic section) of 5-HT neu-
rons, where it is eventually metabolized by monoamine
oxidase A. It was predicted that removal of one of these
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components would affect extracellular levels of 5-HT. The
action of 5-HT as a messenger is regulated by 5-HT
synthesizing and metabolizing enzymes, and the 5-HT
transporter. Serotonergic raphe neurons diffusely project to
all brain regions implicated in anxiety-related behavior,
while neurons in anxiety-mediating areas are rich in both
5-HT, and 5-HT, receptor subtypes. In addition to its role as
a neurotransmitter, 5-HT 1is, via its receptors, an important
regulator of morphogenetic activities during early brain
development as well as during adult neurogenesis and
plasticity, including cell proliferation, migration, differenti-
ation, and synaptogenesis (Azmitia and Whitaker-Azmitia,
1997; Di Pino et al., in press; Lauder, 1993).

3.1. 5-HT receptors

The effects of 5-HT are mediated by at least 14 different
5-HT receptors. Pharmacological classification based on
ligand binding experiments and on the study of functional
responses to agonists/antagonists were initially utilized to
define four 5-HT receptor subfamilies, 5-HT; _4. Molecular
biology has subsequently both confirmed this classification
and also revealed the existence of novel 5-HT receptor
subtypes for which little pharmacological or functional data
exists (5-HT gm 5-HTsam, S-HTsam, 5-HTe, and 5-HT)
(Barnes and Sharp, 1999; Hoyer and Martin, 1997). In 5-
HT,_- receptor genes, the coding region is interrupted by
introns, whereas the genes for 5-HT;, _ receptors contain
no introns. The 5-HT,p, 5-HT4, 5-HT¢, and 5-HT; receptors
are alternatively spliced and RNA editing of the 5-HT,c
receptor subtype in the second intracellular loop confers
differential receptor functionality, thus increasing the com-
plexity of the 5-HT receptor superfamily. The present
challenge is to determine the physiological relevance of
these gene products, establish their functionality as endog-
enous receptors, find selective ligands, and determine po-
tential therapeutic application of these compounds.

The molecular characterization of different 5-HT receptor
families has simplified the elucidation of gene transcription,
mRNA processing and translation, as well as intracellular
trafficking and posttranslational modification relevant to
synaptic and postreceptor signaling. Transcriptional control
regions have been cloned for several 5-HT receptor subtypes
and functional promoter mapping data are available for the
5-HTa, 5-HT,a, 5-HT,¢, and 5-HT; receptor genes. The
analysis of genomic regulatory regions of 5-HT receptor
genes and modeling variable 5-HT receptor gene function in
genetically engineered mice (constitutive and conditional
knockout/in) provides critical knowledge regarding the
respective role of these receptors in neurodevelopment,
synaptic plasticity, and behavior (Bonasera and Tecott,
2000).

3.1.1. 5-HT, 4 receptor
The 5-HT, 5 receptor subtype is implicated in the path-
ophysiology of anxiety and depression; its role as a molec-

ular target of anxiolytic and antidepressant drugs is well
established (Griebel, 1995; Griebel et al., 2000; Olivier et
al.,, 1999). Patient with panic disorder and depression
display an attenuation of 5-HT; receptor-mediated hypo-
thermic and neuroendocrine responses, reflecting a reduced
responsivity of both pre- and postsynaptic 5-HT 5 receptors
(Lesch et al., 1990b, 1992). Likewise, a decrease in 5-HT 5
receptor ligand binding has been shown in postmortem brain
of depressed suicide victims (Cheetham et al., 1990) as well
as in forebrain areas such as the medial temporal lobe and in
the raphe of depressed patients elicited by positron emission
tomography (PET) (Drevets et al., 1999; Sargent et al.,
2000). Both glucocorticoid administration and chronic
stress, a pathogenetic factor in affective disorders, have also
been demonstrated to result in the down-regulation of 5-
HT A receptors in the hippocampus in the animals (Flugge,
1995; Lopez et al., 1998; Wissink et al., 2000). While
deficits in hippocampal 5-HT;, receptor function may
contribute to the cognitive abnormalities associated with
affective disorders, recent work suggests that activation of
this receptors stimulates neurogenesis in the dentate gyrus
(Nestler et al., 2002).

Downregulation and hyporesponsivity of 5-HT;, recep-
tors in patients with major depression is not reversed by the
antidepressant drug treatment (Lesch et al.,, 1990a, 1991;
Sargent et al., 2000), raising the possibility that low
receptor function is a trait feature and therefore a pathoge-
netic mechanism of the disease. In line with this notion,
evidence is accumulating that a polymorphism in the
transcriptional control region of the 5-HT; 5 receptor gene
(HTR1A) resulting in allelic variation of 5-HT,, receptor
expression of is associated with personality traits of nega-
tive emotionality including anxiety and depression (Neu-
roticism and Harm Avoidance) as well as major depression,
suicidality, and panic disorder (Rothe et al., in press;
Strobel et al., in press).

5-HT, o receptors operate both as somatodendritic autor-
eceptors and as postsynaptic receptors. Somatodendritic 5-
HT,5 autoreceptors are predominantly located on 5-HT
neurons and dendrites in the brainstem raphe complex
and their activation by 5-HT or 5-HT;, receptor agonists
decreases the firing rate of serotonergic neurons and sub-
sequently reduces the synthesis, turnover, and release of 5-
HT from nerve terminals in projection areas. Postsynaptic
5-HT, 5 receptors are widely distributed in forebrain regions
that receive serotonergic input, notably in the cortex,
hippocampus, septum, amygdala, and hypothalamus. Their
activation results in neuronal inhibition, the consequences
of which are not well understood, and in physiological
responses that depend upon the function of the target cells
(e.g. activation of the hypothalamic pituitary adrenocortical
system) (Hamon et al., 1990). 5-HT; 5 receptor expression
is modulated by steroid hormones and 5-HT;, receptor-
mediated signaling is an important regulator of gene ex-
pression through its coupling to G proteins that inhibit
adenylyl cyclase.
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The effects of 5-HT; 5 receptor selective agents, such as
the agonist 8-hydroxy-2-(di-n-propylamino) tetralin (8-OH-
DPAT and the partial agonists ipsapirone and gepirone, have
been extensively studied in rodents (De Vry, 1995). Both
agonists and partial agonists induce a dose-dependent anxi-
olytic effect which correlates with the inhibition of seroto-
nergic neuron firing, decrease of 5-HT release as well as the
reduction of 5-HT signaling at postsynaptic target receptors.
Blockade of the negative feedback by selective 5-HTj
receptor antagonists, such as WAY 100635 increases firing
of the serotonergic neurons but exerts no effect on 5-HT
neurotransmission or behavior (Olivier and Miczek, 1999),
while the combination with selective 5-HT reuptake inhib-
itors augments increases in 5-HT levels in terminal regions.

The converging lines of evidence that receptor deficien-
cy or dysfunction is involved in mood and anxiety disorders
encouraged investigators to genetically manipulate the 5-
HT; 5 receptor in mice. In 1998, a series of three papers
reported the generation of mice with a targeted inactivation
of the 5-HT;, receptor (Heisler et al., 1998; Lesch and
Mossner, 1999; Parks et al., 1998; Ramboz et al., 1998).
Functional 5-HT, 5 receptor knockout was confirmed by a
complete lack of ligand binding to brain 5-HT; 4 receptors
in null-mutant (—/—) mice, with intermediate binding in
the heterozygote (+/ —) mice. Importantly, all three KO
mouse strains display a similar behavioral phenotype char-
acterized by increased anxiety-related behavior and stress
reactivity in several different avoidance and behavioral
despair paradigms.

3.1.1.1. Anxiety-related behavior. Mice with a targeted
inactivation of the 5-HT; receptor consistently display a
spontaneous phenotype that is associated with a gender-
modulated and gene/dose-dependent increase of anxiety-
related behaviors (Heisler et al., 1998; Parks et al., 1998;
Ramboz et al., 1998). With the exception of an enhanced
sensitivity of terminal 5-HT;g receptors, no major neuro-
adaptational changes were detected. Worthy of note is that
this behavioral phenotype was observed in animals in which
the mutation was bred into mice of Swiss-Webster (SW),
C57BL/6J, and 129/SV backgrounds, consistently substan-
tiating the assumption that this behavior is a authentic
consequence of reduced or absent 5-HT; 4 receptors. While
all research groups used open field exploratory behavior as a
model for assessing anxiety, two groups confirmed that 5-
HT; A receptor KO mice had increased anxiety by using
other models, the elevated zero maze or elevated plus maze
test (Heisler et al.,, 1998; Ramboz et al., 1998). These
ethologically based conflict models test fear- and anxiety-
related behaviors based on the natural tendencies for rodents
to prefer enclosed, dark spaces versus their interest in
exploring novel environments.

Activation of presynaptic 5-HT;4 receptors provide the
brain with an autoinhibitory feedback system controlling 5-
HT neurotransmission. Thus, enhanced anxiety-related be-
havior most likely represents a consequence of increased

terminal 5-HT availability resulting from the lack or reduc-
tion in presynaptic somatodendritic 5-HT;, autoreceptor
negative feedback function (Lesch and Mossner, 1999).
Although extracellular 5-HT concentrations and 5-HT turn-
over appear to be unchanged in the brain of 5-HT 5 receptor
KO mice on the SW and 129SV backgrounds, indirect
evidence for increased presynaptic serotonergic activity
resulting in elevated synaptic 5-HT concentrations is pro-
vided by the compensatory upregulation of terminal 5-HT
release-inhibiting 5-HT,p receptors (Olivier et al., 2001;
Toth, 2003). In contrast to 5-HT; 5 receptor KO mice with a
SW or 129/SV background, extracellular 5-HT concentra-
tions were significantly elevated in mutant C57B16 mice in
the frontal cortex ad hippocampus (Parsons et al., 2001).
This may reflect a lack in compensatory changes in 5-HT g
receptor and is consistent with findings that C57Bl6 mice
are more aggressive and susceptible to drugs of abuse than
many other strains.

Several studies addressed electrophysiological properties
of both presynaptic serotonergic neurons and postsynaptic
hippocampal neurons in 5-HT; receptor-deficient mice. A
robust increase in the mean firing rate in dorsal raphe
neurons was also reported, although a considerable number
of neurons was firing in their normal range and 5-HT release
was not altered (Richer et al., 2002). Moreover, mutant mice
showed an absence of paired-pulse inhibition in the CA1l
region and lack of paired-pulse facilitation in the dentate
gyrus suggesting altered hippocampal excitability and im-
paired plasticity of the hippocampal network with conse-
quence for cognition, learning, and memory (Sibille et al.,
2000).

This mechanism is also consistent with recent theoretical
models of fear and anxiety that are primarily based upon
pharmacologically derived data. The cumulative reduction
in serotonergic impulse flow to septohippocampal and other
limbic and cortical areas involved in the control of anxiety is
believed to explain the anxiolytic effects of ligands with
selective affinity for the 5-HT;, receptor in some animal
models of anxiety-related behavior. This notion is based, in
part, on evidence that 5-HT 5 receptor agonists (e.g. 8-OH-
DPAT) and antagonists (e.g. WAY 100635) have anxiolytic
or anxiogenic effects, respectively. However, to complicate
matters further, 8-OH-DPAT has anxiolytic effects when
injected in the raphe nucleus, whereas it is anxiogenic when
applied to the hippocampus. Thus, stimulation of postsyn-
aptic 5-HT; 5 receptors has been proposed to elicit anxio-
genic effects, while activation of 5-HT;, autoreceptors is
thought to induce anxiolytic effects via suppression of
serotonergic neuronal firing resulting in attenuated 5-HT
release in limbic terminal fields.

Since the 5-HT 5 receptor is expressed in different brain
subsystems, it is of interest to clarify whether pre- or post-
synaptic receptors are required to maintain normal expres-
sion of anxiety-related behavior in mice. With an elegant
conditional rescue approach, Gross et al. (2002) showed that
expression of the 5-HT 5 receptor in the hippocampus and
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cortex but not in the raphe nuclei is required to rescue the
behavioral phenotype of KO mice. The findings indicate
that deletion of the 5-HT, o receptor in mice, specifically in
forebrain structures, results in a robust anxiety-related
phenotype and that this phenotype in 5-HT; 4 receptor KO
mice is caused by the absence of the receptor during a
critical period of postnatal development, whereas inactiva-
tion of 5-HT;5 receptors in adulthood does not affect
anxiety. Even more importantly, the findings further support
the notion of a central role for 5-HT in the early develop-
ment of neurocircuit-mediating emotion (Di Pino et al., in
press; Lesch, 2003). Although there is converging evidence
that the 5-HT 5 receptor mediates anxiety-related behavior,
the neurodevelopmental mechanism that renders 5-HT4
receptor-deficient mice more anxious are highly complex
and remain to be elucidated in its details.

While increased 5-HT availability and activation of other
serotonergic receptor subtypes that have been shown to
mediate anxiety (e.g. 5-HT,c receptor) may contribute to
increased anxiety in rodent models, multiple downstream
neurotransmitter pathways or neurocircuits, including nor-
adrenergic, y-butyric acid (GABA )ergic, glutamatergic, and
peptidergic transmission, as suggested by overexpression or
targeted inactivation of critical genes within these systems
(Lesch, 2001a), have been implicated to participate in the
processing of this complex behavioral trait. Since avoidance
induced by conflict and fear is only one dimension of
anxiety-related responses, other components including au-
tonomic systems activation, responsiveness to stress, 5-HT
dynamics, and neuronal excitability in limbic circuitries
appear to be involved in fear and anxiety.

3.1.1.2. Stress reactivity. As a facet of anxiety-like behav-
ior, 5-HT ;5 receptor KO mice show genotype-dependent
and background strain-unrelated increase in stress reactivity
in two paradigms of behavioral despair, the Forced Swim
and Tail Suspension tests (Heisler et al., 1998; Parks et al.,
1998; Ramboz et al., 1998). Autonomic manifestations of
anxiety and stress responsiveness in a novel environment or
when exposed to other stressors increased heart rate and
body temperature as well as attenuated release of cortico-
sterone is also a characteristic of 5-HT 5 receptor KO mice
(Groenink et al., 2003). The reduced immobility in stress/
antidepressant test models is either due to an increased
serotonergic tone resulting from the compromised 5-HT 5
autoreceptor-dependent negative feedback regulation or en-
hanced dopamine and norepinephrine function because it is
reversed by pretreatment with a-methyl-para-tyrosine, but
not by para-chlorophenylalanine (Mayorga et al., 2001).
Although the behavior of 5-HT;, receptor-deficient
mice in various stress-related paradigms is more consistent
with increased emotionality, their behavior essentially cor-
responds with the performance of rodents treated with
antidepressants. The role of 5-HT;, receptors in the ther-
apeutic action of antidepressant drugs has attracted extraor-
dinary interest, however, there is substantial conflicting

evidence regarding the involvement of other serotonergic
receptor subtypes and neurotransmitter systems or neuro-
circuits that interact with 5-HT neurotransmission. Electro-
physiological studies in rats indicate that each class of
antidepressants enhances 5-HT neurotransmission via dif-
ferential adaptive changes in the 5-HT; 5 receptor-modulat-
ed negative feedback regulation that eventually leads to an
overall increase of terminal 5-HT (for review, see Blier and
de Montigny, 1998) and desensitization of 5-HT 5 receptor
reponsivity following antidepressant treatment has been
demonstrated in rodents (Le Poul et al., 1995; Li et al.,
1993) and humans (Berlin et al., 1998; Sargent et al., 1997;
Lesch et al., 1991; Lerer et al., 1999). While the neuro-
adaptive mechanism of antidepressant action of tricyclics or
selective 5-HT reuptake inhibitors is exceedingly complex,
as the onset of clinical improvement commonly takes 2—3
weeks or more after initiation of antidepressant drug
administration, progressive functional desensitization of
pre- and postsynaptic serotonergic receptors, including 5-
HT;, 5-HT;p, and 5-HT,4 receptors, that is set off by
blockade of the 5-HT transporter, has been implicated in
these delayed therapeutic effects. In conclusion, the pheno-
typic similarity between anxiety-related behavior and stress
reactivity in humans and 5-HT; s receptor KO mice vali-
dates the practicability of KO animal models.

3.1.2. 5-HT;p receptor

The 5-HT;p receptor was the first subtype to have its
gene inactivated by classical homologous recombination
(Saudou et al., 1994). 5-HT 5 receptors are expressed in
the basal ganglia, central gray, lateral septum, hippocampus,
amygdala, and raphe nuclei. They are located predominantly
at presynaptic terminals inhibiting 5-HT release or, as
heteroreceptors, modulating the release of other neurotrans-
mitters. Selective agonists and antagonists for 5-HTp
receptors are largely lacking, but indirect pharmacological
evidence suggests that 5-HT ;g receptor activation influen-
ces food intake, sexual activity, locomotion, and emotion-
ality including particularly impulsivity and aggression.

Generation of mice with a targeted disruption of the 5-
HT,p receptor gene facilitated investigation of the concept
of 5-HT-related impulsivity in the context of aggressive
behavior (Stark and Hen, 1999). Two of the behaviors,
locomotion, and aggression, postulated to be modulated by
5-HT,p receptors were analyzed. Wild-type and homozy-
gous null mutant 5-HT ;3 —/— mice were found to display
similar levels of locomotor activity in an open field.
However, 5-HT g receptor KO mice show adaptation in
5-HT,c receptor-mediated functions with smaller reductions
in food intake and locomotor activity in response to
administration of 5-HT,c receptor agonists. Impulsivity
and aggression-related behavior of 5-HT;p receptor —/—
male mice was assessed by isolation and subsequent
exposure to a non-isolated male wild-type intruder mouse.
The latency and number of attacks displayed by the KO
mice were used as indices of aggression. The 5-HT;p
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receptor KO mice, when compared with wild-type mice,
showed more rapid, more intense, and more frequent
attacks. Lactating female 5-HT;5 —/— receptor mice also
attack unfamiliar male mice more rapidly and violently. In
addition to increased aggression, KO mice acquire cocaine
self-administration faster and ingest more ethanol than
controls, indicating that the 5-HT;p receptor not only
modulates motor impulsivity and aggression but also ad-
dictive behavior (Brunner et al., 1999).

These results further support the notion that distinct
receptor subtypes modulate different dimensions of behav-
ior which may be either synergistic or antagonistic. Quite
the opposite to 5-HT;, receptor-deficient mice, 5-HTp
receptor KOs are more reactive and more aggressive but
show dramatically less anxiety-related behavior than control
mice, although both 5-HT;, and 5-HT;g receptors control
the tone of the serotonergic system and mediate some of the
postsynaptic 5-HT effects (Zhuang et al., 1999). The re-
gional variation of 5-HT receptor expression and the com-
plex autoregulatory processes of 5S-HT function which are
operational in different brain areas may lead to a plausible
hypothesis to explain a contradiction that is more apparent
than real. Assessment of 5-HT;, receptor expression in
male mice selected for high and low offensive aggression
showed that high-aggressive mice are characterized by a
short attack latency, decreased plasma corticosterone con-
centration and increased levels of 5-HT;, receptor mRNA
in the dorsal hippocampus (dentate gyrus and CAl) com-
pared to low-aggressive mice that had long attack latency
and high plasma corticosterone levels (Korte et al., 1996).
Increased postsynaptic 5-HT o receptor radioligand binding
was found in the hippocampal CAl subdivision, dentate
gyrus, lateral septum, and frontal cortex, whereas no differ-
ence in ligand binding was found for the 5-HT;, autor-
eceptor on cell bodies in the dorsal raphe nucleus. These
results suggest that high offensive aggression is associated
with reduced (circadian peak) plasma corticosterone and
increased postsynaptic 5-HT ;4 receptor availability in lim-
bic and cortical regions.

3.1.3. Other 5-HT receptors

Prior to the generation of 5-HT, receptor-deficient mice,
studies with nonselective agonists had suggested potential
roles for this receptor in the serotonergic regulation of
feeding and anxiety. Consistent with the pharmacological
evidence, 5-HT,c receptor mutant mice display not only
hyperphagia-evoked weight gain but also infrequent and
sporadic spontaneous seizures suggesting a globally en-
hanced neuronal network excitability. Behavioral analysis
of 5-HT,c receptor KO mice revealed abnormal perfor-
mance in a spatial learning task and altered exploratory
behavior, associated with altered long-term potentiation
restricted to the dentate gyrus perforant path synapse (Heis-
ler and Tecott, 1999). However, abnormalities of hippocam-
pal function-dependent cognitive function were subtle and
did not generalize to contextual fear conditioning.

Studies in mice with a targeted inactivation of other 5-HT
receptor subtypes, such as the 5-HTs5 and 5-HT,, or a
transgenic line that overexpresses 5-HT3 receptor, demon-
strate that these receptors modulate the activity of neural
circuits involved specifically in exploratory and reward-
related behavior. When exposed to novel environments,
KO mice lacking the 5-HTs receptor exhibit increased
exploratory activity and an attenuated stimulatory effect of
lysergic acid diethylamide (LSD) on exploratory activity but
no change in anxiety-related behavior (Grailhe et al., 1999),
whereas 5-HT; receptor KO mice do not express any overt
behavioral phenotype at all (Hedlund et al., 2003).

Since all 5-HT receptor subtypes are remarkably similar
in their ligand-binding domains, it has been difficult to
design pharmacological compounds that will specifically
interact with the other subtypes. The present challenge is
therefore to further characterize the physiological and be-
havioral relevance of the remaining 5-HT receptor gene
products and generate KO mice for each subtype. The new
insights into neural plasticity and complexity of gene
regulation in 5-HT subsystems will eventually provide the
means for novel approaches of studying 5-HT receptor
subtype-related behaviors at the molecular level.

3.2. 5-HT synthesizing and metabolizing enzymes

3.2.1. Tryptophan hydroxylases

The first step of 5-HT biosynthesis is catalyzed by the
rate-limiting enzyme tryptophan hydroxylase (TPH). Two
isoforms, TPH1 and TPH2, have been identified in the
periphery and in 5-HT neurons, respectively. Both iso-
forms are members of the aromatic amino acid hydroxy-
lase gene family, together with phenylalanine and tyrosine
hydroxylases. The human TPH1 gene located on chromo-
some 11pl5.1, spans a region of 30 kb, contains at least 11
exons, and an unusual splicing complexity in the 5 -
untranslated region resulting in at least four TPHI mRNA
species transcribed from a single transcriptional start site
(Boularand et al., 1995). The murine TPH1 has been
mapped to chromosome 7 at 23.5 ¢cM. The human TPH2
gene was found on chromosome 12p21.1, covers a region
of more than 120 kb, and contains 11 exons, and a single
TPH2 mRNA species is transcribed from a unique tran-
scriptional start site (Walther et al., 2003). The murine
TPH2 is located on chromosome 10. The deduced amino
acid sequence of TPH2 shows 84% and 86% identity to
TPHI1 sequences of man, and mouse, respectively. Mice
with an inactivation of the TPH1 gene lack 5-HT in the
periphery, whereas 5-HT concentrations in serotonergic
projection region of the brain are in the normal range.
Moreover, 5-HT-related avoidance behavior as assessed by
the elevated plus maze and hole board tests was not
different in TPH1 KO mice indicating that the behavioral
effects of 5-HT in the brain are uncoupled and thus
independent from 5-HT and its metabolites in peripheral
tissues.
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This finding is critically relevant, since correlations
between peripheral levels of 5-HT metabolites and 5-HT
function in the brain of patients suffering from psychiatric
disorders have extensively been studied. A possible role of
TPHI1 gene variations in antisocial personality disorder,
alcoholism, bipolar disorder, major depression, and asso-
ciated suicidality has been shown in some but not all
studies (Bellivier et al., 1998; Furlong et al., 1998;
Manuck et al., 1999; New et al., 1998). Nielsen et al.
(1994, 1998) reported that the TPH A779C polymorphism
influences 5-hydroxyindoleacetic acid concentrations (5-
HIAA), the major metabolite of 5-HT, in cerebrospinal
fluid (CSF), and may predispose to suicidality, a patho-
physiological mechanism that may involve impaired im-
pulse control. This finding was subsequently replicated by
the several other groups suggesting that functional var-
iant(s) in or close to the TPHI gene may predispose
individuals to affective disorders and suicidality.

In the face of preferential expression of TPH2 in the
brain, the identification of a gene encoding a neuron-
specific TPH isoform, and unaltered anxiety-like behavior
in TPH1 KO mice this conclusion calls for reconsideration.
Among the questions which need to be answered are whether
TPHI1 expression is restricted to early stages of brain
development and whether peripheral 5-HT impacts on the
development of limbic circuits setting the stage of emotional
behavior and thus influencing susceptibility to anxiety,
depression, and suicidality in adulthood. In anticipation of
a mouse model with a targeted disruption of the TPH2 gene,
clarification of the effect of brain 5-HT deficiency on
anxiety-related and aggressive behavior seems to be immi-
nent (Mallet, personal communication).

3.2.2. Monoamine oxidase A

Monoamine oxidase A (MAOA) oxidizes 5-HT, norepi-
nephrine as well as dopamine, and is expressed in a cell
type-specific manner. Abnormalities in MAOA activity
have been implicated in a wide range of psychiatric
disorders. Deficiency in MAOA enzyme activity due to a
hemizygous chain termination mutation of the MAOA gene
has recently been shown to be associated with impulsive
aggression and hypersexual behavior in affected males
from a single extended pedigree (Brunner syndrome)
(Brunner et al., 1993).

Mice with a targeted disruption of the MAOA gene have
markedly higher brain 5-HT concentrations and exhibit
aggressive behavior in adult males as assessed by the
resident—intruder paradigm as well as violent courtship
(Seif and De Maeyer, 1999). Moreover, MAOA KO mice
display reduced activity possibly reflecting increased anxi-
ety in the open field and enhance stress reactivity in the
forced swim test. Morphological analyses of brain structures
where 5-HT has been suggested to act as a differentiation
signal in development revealed a detrimental effect of
MAOA inactivation on the formation and plasticity of
cortical and subcortical structures. Investigations of 5-HT

participation in neocortical development and plasticity have
been concentrated on the rodent somatosensory cortex
(SSC), due to its one-to-one correspondence between each
whisker and its cortical barrel-like projection area. The
processes underlying patterning of projections in the SSC
have been intensively studied with a widely held view that
the formation of somatotopic maps does not depend on
neural activity. The timing of serotonergic innervation
coincides with pronounced growth of the cortex, the period
when incoming axons begin to establish synaptic interac-
tions with target neurons and to elaborate a profuse branch-
ing pattern.

Interestingly, the brain of MAOA KO mice shows a lack
of these characteristic barrel-like clustering of layer IV
neurons in S1, despite relatively preserved trigeminal and
thalamic patterns (Cases et al., 1995; Di Pino et al., in
press). Thalamo-cortical afferents display a decrease in
branching and excessive tangential distributions, suggesting
a deficiency of terminal retraction (Rebsam et al., 2002)
Other abnormalities include abnormal segregation of con-
tralateral and ipsilateral retinogeniculate projections (Upton
et al.,, 1999), and aberrant maturation of the brainstem
respiratory network (Burnet et al., 2001). The excess 5-
HT is likely responsible for these alterations, since barrel
formation is restored by the 5-HT synthesis inhibitor para-
chlorophenylalanine, which also restores normal develop-
ment of retinogeniculate projections and the brainstem
respiratory network as well as aggression-related behavior.

Additional evidence for a role of 5-HT in the develop-
ment of neonatal rodent SSC derives from the transient
barrel-like distribution of 5-HT, 5-HT3 and 5-HT, recep-
tors, and of the 5-HT transporter (Lebrand et al., 1996;
Mansour-Robaey et al., 1998). The transient barrel-like 5-
HT pattern visualized in layer IV of the SSC of neonatal
rodents stems from 5-HT uptake and vesicular storage in
thalamocortical neurons, transiently expressing at this de-
velopmental stage both 5-HT transporter and the vesicular
monoamine transporter (VMAT?2) despite their later gluta-
matergic phenotype (Lebrand et al., 1996).

3.3. Transporter

High-affinity 5-HT transport into the presynaptic neuron
is mediated by a single protein, the 5-HT transporter (5-
HTT, SERT), which is regarded as initial sites of action of
antidepressant drugs and several neurotoxic compounds.
Tricyclic antidepressants, such as prototypical imipramine,
and the selective 5-HT uptake inhibitors, paroxetine, citalo-
pram, and sertraline, occupy several pharmacologically
distinct sites overlapping at least partially the substrate
binding site and are widely used in the treatment of
depression, anxiety, and impulse control disorders, as well
as substance abuse including alcoholism.

While in adult brain, 5-HTT expression appears to be
restricted to raphe neurons, it has been detected in the
sensory areas of the cortex and thalamus during perinatal
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development (Lesch and Murphy, in press). Cloning of the
5-HTT has identified a protein with 12-transmembrane
domains and studies using site-directed mutagenesis and
deletion mutants indicate that distinct amino acid residues
participate in substrate translocation and competitive an-
tagonist binding. 5-HTT function is acutely modulated by
posttranslational modification. Moreover, several intracel-
lular signal transduction pathways converge on the tran-
scriptional apparatus of the 5-HTT gene regulating its
expression. A polymorphism in the transcriptional control
region of the human 5-HTT gene (SLC6A4) that results in
allelic variation in functional 5-HTT expression is associ-
ated with anxiety, depression, and aggression-related per-
sonality traits (Lesch, 2003; Lesch et al., 1996). In addition
to the exploration of the impact of allelic variation in 5-
HTT expression on anxiety, depression, and aggression-
related personality traits, a role of the regulatory and
structural 5-HTT gene variation has been suggested in a
variety of diseases such as depression, bipolar disorder,
anxiety disorders, eating disorders, substance abuse, autism,
schizophrenia, and neurodegenerative disorders (Lesch and
Murphy, in press).

3.3.1. Anxiety-related responses

The converging evidence that 5S-HTT deficiency plays a
role in anxiety and related disorders lead to the generation
of mice with a targeted inactivation of the 5-HTT gene
(Slc6a4). Behavior of the 5-HTT KO mice was tested in a
variety of conditions evaluating fear, avoidance, conflict,
stress responsiveness, status of the neuroendocrine system,
and effects of various pharmacological agents on the
behavior. In particular, anxiety-related behaviors were char-
acterized using a battery of tests including open field,
elevated zero and plus maze, and light—dark box. In these
tests, both male and female 5-HTT KO mice show consis-
tently increased anxiety-like behavior and inhibited explor-
atory locomotion. The selective 5-HT 4 receptor antagonist
WAY 100635 produced an anxiolytic effect in the elevated
plus-maze in 5-HTT KO mice suggesting that the abnor-
malities in anxiety-like and exploratory behavior is medi-
ated by the 5-HT; 4 receptor. Unlike heterozygous 5-HT 5
+/ — mice, 5-HTT +/ — mice, in which transporter binding
sites are reduced by approximately 50%, were similar to
controls on most measures of anxiety-like behavior. How-
ever, changes in exploratory behavior in +/ — mice were
limited to specific measures under baseline conditions, but
extended to additional measures under more stressful test
conditions. This observation is in accordance with reduced
aggressive behavior in 5-HTT +/— mice that is limited to
specific measures and test conditions (Holmes et al., 2002).
These subtle behavioral alterations in 5-HTT +/ — mice are
contrasted by robust perturbations in serotonergic homeo-
stasis that are intermediate between —/— mice and con-
trols in a gene/dose-dependent manner including elevated
extracellular 5-HT, decreased 5-HT neuron firing in the
dorsal raphe, and reduced 5-HT; A receptor expression and

function (Gobbi et al., 2001; Li et al., 1999, 2000). The
evidence that serotonergic dysfunction in 5-HTT +/ — mice
may manifest and become noticeable as behavioral abnor-
malities only under challenging environmental conditions
strongly support the disposition—stress model of affective
and anxiety disorders.

3.3.2. Neuroadaptive changes

Analogous to 5-HT;, KO mice, the neural mechanisms
underlying increased anxiety-related behavior and reduced
exploratory locomotion in mice with a disruption of the 5-
HTT gene may relate to excess serotonergic neurotransmis-
sion which is expected to cause enhanced activation of
postsynaptic 5-HT receptors. Both in vivo microdialysis in
striatum and in vivo chronoamperometry in hippocampus
revealed that 5S-HTT null mutant mice exhibit an approxi-
mately 5-fold increase in extracellular concentrations of 5-
HT and an absence of transporter-mediated clearance, al-
though brain tissue 5-HT concentrations are markedly
reduced by 40—60% (Bengel et al., 1998).

Excess of extracellular 5-HT activates the negative auto-
inhibitory feedback and reduces cellular 5-HT availability
by stimulating 5-HT;5 receptors which results in their
desensitization and downregulation in the midbrain raphe
complex and, to a lesser extent, in hypothalamus, septum
and amygdala but not in the frontal and hippocampus (Li et
al., 2000). Although postsynaptic 5-HT; 4 receptors appear
to be unchanged in frontal cortex and hippocampus, indirect
evidence for decreased presynaptic serotonergic activity but
reduced 5-HT clearance resulting in elevated synaptic 5-HT
concentrations is provided by compensatory alterations in 5-
HT synthesis and turnover, downregulation of terminal 5-
HT release-inhibiting 5-HT; receptors (Fabre et al., 1999).

Therefore, a partial downregulation of postsynaptic 5-
HT 4 receptors in some forebrain regions but a several-fold
increase in extracellular concentrations of 5-HT in 5-HTT
null mutant mice could still cause excess net activation of
postsynaptic 5-HT, 5 receptors, resulting in increased anx-
iety-like behavior and its reversal by WAY 100635 (Holmes
et al., in press). However, administration of WAY 100635
antagonizes not only postsynaptic 5-HT;5 receptors in
forebrain regions but also acts at somatodendritic autore-
ceptors in the raphe nuclei and electrophysiological studies
show that WAY 100635 causes a reversal of markedly
reduced spontaneous firing rates of 5-HT neurons in the
dorsal raphe dorsal nucleus of 5-HTT —/— mice, indicat-
ing that the net effect of WAY 100635 on serotonergic
neurotransmission in 5-HTT KO mice may be more com-
plex than anticipated (Gobbi et al., 2001).

Taken together these findings, add to an emerging picture
of abnormalities in 5-HTT null mutants across a range of
behavioral, neuroendocrine and physiological parameters
associated with emotional disorders, including marked
increases in adrenocorticotropin (ACTH) concentrations in
responses to stress (Li et al., 1999), increased sensitivity to
drugs of abuse such as cocaine (Sora et al., 1998, 2001),
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altered gastrointestinal motility (Chen et al.,, 2001), and
disturbed rapid eye movement sleep (Wisor et al., 2003).
Finally, given the absence of the 5-HTT throughout ontog-
eny, 5-HTT KO mice also provide a research tool for
studying the potential for neurodevelopment abnormalities
affecting anxiety-like behavior.

3.3.3. Development of the somatosensory cortex
Analogous to MAOA KO mice, inactivation of the 5-
HTT gene profoundly disturbs formation of the SSC with
altered cytoarchitecture of cortical layer 1V, the layer that
contains synapses between thalamocortical terminals and
their postsynaptic target neurons (Persico et al., 2001).
Brains of 5-HTT KO mice display no or only very few
barrels. Cell bodies as well as terminals, typically more
dense in barrel septa, appear homogeneously distributed in
layer IV of adult 5-HTT KO brains. Injections of a 5-HT
synthesis inhibitor within a narrow time window of 2 days
postnatally completely rescued formation of SSC barrel
fields. Of note, heterozygous KO mice develop all SSC
barrel fields, but frequently present irregularly shaped
barrels and less defined cell gradients between septa and
barrel hollows. These findings demonstrate that excessive
concentrations of extracellular 5-HT are deleterious to SSC
development and suggest that transient 5S-HTT expression in
thalamocortical neurons is responsible for barrel patterns in
neonatal rodents, and its permissive action is required for
normal barrel pattern formation, presumably by maintaining
extracellular 5-HT concentrations below a critical threshold.
Because normal synaptic density in SSC layer IV of 5-HTT
KO mice was shown, it is more likely that 5-HT affects SSC
cytoarchitecture by promoting dendritic growth toward the
barrel hollows as well as by modulating cytokinetic move-
ments of cortical granule cells, similar to concentration-
dependent 5-HT modulation of cell migration described in
other tissues. Since the gene/dose-dependent reduction in 5-
HTT availability in heterozygous KO mice, which leads to a
modest delay in 5-HT uptake but distinctive irregularities in
barrel and septum shape, is similar to those reported in
humans carrying low-activity allele of the 5-TT gene-linked
polymorphic region (S-HTTLPR), it may be speculated that
allelic variation in 5-HTT function also affects the human
brain during development with due consequences for dis-
ease liability and therapeutic response (Persico et al., 2003).
These findings demonstrate that excessive amounts of
extracellular 5-HT are detrimental to SSC development and
suggest that transient 5S-HTT expression and its permissive
action is required for barrel pattern formation, presumably
by maintaining extracellular 5-HT concentrations below a
critical threshold. Two key players of serotonergic neuro-
transmission appear to mediate the deleterious effects of
excess 5-HT: the 5-HTT and the 5-HT;p receptor. Both
molecules are expressed in primary sensory thalamic nuclei
during the period when the segregation of thalamocortical
projections occurs (Bennett-Clarke et al., 1996; Hansson et
al., 1998). 5-HT is internalized via 5-HTT in thalamic

neurons and is detectable in axon terminals (Cases et al.,
1998; Lebrand et al., 1996). The presence of the VMAT2
within the same neurons allows internalized 5-HT to be
stored in vesicles and used as a cotransmitter of glutamate.
Lack of 5-HT degradation in MAOA KO mice as well as
severe impairment of 5-HT clearance in mice with an
inactivation of the 5-HTT results in an accumulation of 5-
HT and overstimulation of 5-HT receptors all along thalamic
neurons (Cases et al., 1998). Since 5-HT,g receptors are
known to inhibit the release of glutamate in the thalamo-
cortical somatosensory pathway, excessive activation of 5-
HT,p receptors could prevent activity-dependent processes
involved in the patterning of afferents and barrel structures.
This hypothesis is supported by a recent study using a
strategy of combined knockout of MAOA, 5-HTT, and 5-
HT,p receptor genes. While only partial disruption of the
patterning of somatosensory thalamocortical projections
was observed in 5-HTT KO, MAOA X 5-HTT double
knockout (DKO) mice showed that 5-HT accumulation in
the extracellular space causes total disruption of the pattern-
ing of these projections (Salichon et al., 2001). Moreover,
the removal of 5-HTp receptors in MAOA and 5-HTT KO
as well as in MAOA X 5-HTT DKO mice allows a normal
segregation of the somatosensory projections as well as
retinal axons in the lateral geniculate nucleus (Upton et al.,
2002). These findings point to an essential role of the 5-
HTp receptor in mediating the deleterious effects of excess
5-HT in the somatosensory system.

The effect of elevated extracellular 5-HT concentration
on the modulation of programmed cell death during neural
development was also investigated in early postnatal brains
of 5-HTT KO mice. 5-HTT gene inactivation leads to a
reduced number of apoptotic cells in striatum, thalamus,
hypothalamus, cerebral cortex, and hippocampus on post-
natal day 1 with differences displaying an increasing fronto-
caudal gradient and regional specificity (Persico et al.,
2003). These findings underscore the role of 5-HT in the
regulation of programmed cell death during brain develop-
ment, and suggest that pharmacological enhancement of
serotoninergic neurotransmission may minimize pathologi-
cal apoptosis.

The evidence that changes 5-HT system homeostasis
exerts long-term effects on cortical development and
adult brain plasticity may be an important step forward
in establishing the psychobiological groundwork for a
neurodevelopmental hypothesis of negative emotionality,
aggressiveness, and violence (Lesch, 2003). Although there
is converging evidence that serotonergic dysfunction con-
tributes to anxiety-related behavior, the precise mechanism
that renders 5-HTT-deficient mice more anxious and stress
responsive remains to be elucidated. While increased 5-HT
availability and activation of other serotonergic receptor
subtypes that have been shown to mediate anxiety (e.g. 5-
HT,c receptor) may contribute to increased anxiety in
rodent model, multiple downstream cellular pathways or
neurocircuits, including noradrenergic, GABAergic, gluta-
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matergic, and peptidergic transmission, as suggested by
overexpression or targeted inactivation of critical genes
within these systems, have been implicated to participate
in the processing of this complex behavioral trait. Recent
work has therefore been focused on a large number of genes
that have known relevance in the neurocircuitries of fear and
anxiety, although the knockout of some genes that appear
not directly involved in anxiety may also lead to an anxiety-
related phenotype.

3.4. Signal transduction and cellular pathways

As the next dimension of complexity, signaling through
5-HT receptors involves different transduction pathways,
and each receptor subtype modulates distinct, though fre-
quently interacting, second and third messenger systems and
multiple effectors.

3.4.1. Adenylyl cyclase type VIII

Stress results in alterations in behavior and physiology
that can be either adaptive or maladaptive. Although mice
deficient in the Ca” "-stimulated adenylyl cyclase type VIII
(ACB) exhibit indices of anxiety comparable with that of
wild-type mice at baseline, AC8 KO mice do not show
normal increases in behavioral features of anxiety when
subjected to repeated stress such as repetitive or post-
restraint stress testing in the elevated plus maze test (Schae-
fer et al., 2000). Although these findings suggest a role for
AC8 in the modulation of anxiety, the mechanism by which
AC8 deficiency results in impaired stress-induced anxiety
may be complex, involving impaired long-term depression
in the CA1 region of the hippocampus and failure to activate
CRE-binding protein (CREB) in the CAl region after
restraint stress. Interestingly, it was recently reported that
CREBI polymorphism predisposes to depressive disorder in
a gender-specific manner further strengthening the assump-
tion that this pathway is involved in emotion regulation
(Zubenko et al., 2003).

3.4.2. Ca® -calmodulin kinase I

The gene of the effector enzyme Ca® *-calmodulin kinase
II (CaMKII), which participates in some intracellular
responses to 5-HT receptor activation, has also been impli-
cated in aggressive behavior by gene disruption (Chen et al.,
1994). While CaMKII —/— mutants showed global be-
havioral impairment, male mice heterozygous for the inac-
tivated CaMKII gene had a greater tendency to fight with
each other when housed together. In detail, they showed
enhanced offensive aggression, normal defensive aggres-
sion, and decreased fear-related responses.

3.4.3. G protein-activated inward rectifying potassium
channel 2

The G protein-activated inward rectifying potassium
(GIRK) channels regulate synaptic transmission and neu-
ronal firing rates. The GIRK1—4 subunits exhibit unique

but overlapping tissue localization patterns and contain
cytoplasmic amino and carboxyl termini, two-transmem-
brane domains, and a hydrophobic pore region similar to
other potassium-selective channels. Evidence for homo-
and heteromultimerization of GIRK subunits has been
derived from heterologous expression and biochemical
studies (Wischmeyer et al., 1997). They are regulated by
neurotransmitters and hormones through G protein-coupled
receptors, including muscarinic M,, dopamine D1-3, a,-
adrenoceptor, 5-HT; 4, adenosine A;, GABAg, u, 6 and k-
opioid, and somatostatin receptors. The GIRK2 (Kir 3.2)
channel is abundantly expressed in the mammalian brain
(Karschin et al., 1996) and co-localization of with dopa-
mine receptors in the mesolimbic system and 5-HT4
receptors in serotonergic raphe neurons suggests a role in
modulation of motor activity and anxiety-like behavior
(Luscher et al., 1997). Indeed, GIRK2-deficient mice show
evidence for hyperactivity and reduced anxiety-like behav-
ior with initially higher motor activity and slower habitu-
ation in a novel situation, increased levels of spontaneous
locomotor activity during dark phase, and impaired habit-
uation in the open field test (Blednov et al., 2001, 2002).
After habituation, GIRK2 KO mice showed enhanced
motor activity, which is modulated by D1 agonists and
antagonists. Interestingly, increased expression and function
of 5-HT; receptor-stimulated GIRK2 channels in mice
with disruption of neural cell adhesion molecule (NCAM)
gene may be causal for a lower excitability of target
neurons for serotonergic fibers in the limbic system result-
ing in altered anxiety- and aggression-related behavior
(Delling et al., 2002) (see also Section 3.5.3).

3.4.4. Neuronal nitric oxide synthase

The discovery of a considerable number of hyperaggres-
sive mutant strains in the course of gene knockout experi-
ments highlights the extraordinary diversity of genes
involved in the genetic influence on emotionality. Interest-
ingly, genetic support for a role of 5-HT in anxiety and
aggression also derives from mice lacking specific genes,
such as the neuronal nitric oxide synthase (nNOS), that
either directly or indirectly affect 5-HT turnover or 5-HT
receptor sensitivity. Male nNOS —/— mice and wild-type
mice in which nNOS is pharmacologically suppressed are
highly aggressive (Chiavegatto et al., 2001). Excessive
aggressiveness and impulsiveness of nNOS KO mice de-
pend on the presence of testosterone but seem to be caused
by a selective decrease in 5-HT turnover and deficient 5-
HT; s and 5-HT,p receptor function in brain regions regu-
lating emotion. These findings indicate an interaction of
nNOS and the 5-HT system mediated through 5-HT; 5 and
5-HT, g receptors, but the specific molecular mechanisms in
anxiety and aggression remain to be clarified. Increased
aggression and hypersexuality in male nNOS KO mice
largely resemble the behavioral phenotype of the Brunner
Syndrome caused by MAOA gene disruption (see also
Section 3.2.1), suggesting common downstream pathways.
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Interestingly, the impact of nNOS inactivation is gender-
specific as female KO mice display reduced aggression
during lactation (Gammie and Nelson, 1999). Whether this
is also due to an interaction with the serotonergic system
remains to be investigated.

3.5. Developmental specification serotonergic neurons:
setting the stage

Despite the widespread importance of the central seroto-
nergic neurotransmitter system, little is known about the
molecular mechanisms controlling the development of 5-HT
neurons. Several regulatory genes including transcription
factors, other morphogenetically relevant regulators of gene
expression, neurotrophins and growth factors as well as 5-
HT itself contribute to the specification, differentiation, and
phenotype maintenance of the raphe serotonergic system
(Fig. 1).

Induction of the floor plate at the ventral midline of the
neural tube is one of the earliest events in the establish-
ment of dorsoventral polarity in the vertebrate brain.
Fibroblast growth factors (Fgf4 and 8) and the secreted
signaling molecule Sonic hedgehog (Shh) signals control
serotonergic (and dopaminergic) cell fate in the anterior
neural plate (Hynes et al., 2000; Ye et al., 1998). Gener-
ation of 5-HT neurons in the neural tube depends on the
activity of the notochord and floor plate-derived Shh. Fgf4
and Fgf8 expressed in the primitive streak and isthmus
region, respectively, have been suggested to participate in
the formation of an induction center that specifies the
identity and location of rostral 5-HT neurons. Shh together
with unidentified secreted signaling molecules, but not

Fgf8, induce the generation of the caudal cluster of 5-
HT neurons.

In addition, several transcription factors participate in
the development of 5-HT neurons. The homeobox gene
Nkx2.2 and the zinc-finger transcription factor Gli2 are
two downstream targets of Shh that operate during early
stages of neurogenesis in the hindbrain and midbrain.
Knockout of Nkx2.2 results in the absence of some
serotonergic neurons in rhombomere 2 of the hindbrain
(Briscoe et al., 1999), whereas elimination of Gli2 results
in a partial loss and abnormal location of remaining 5-HT
neurons in the ventral midline (Matise et al., 1998). Even
within the relatively circumscribed serotonergic raphe
complex, gene expression in discrete subsystems appears
to be differentially controlled by transcriptional regulators.
The transcription factor Gata3 is expressed broadly during
embryogenesis, including in many but not all 5-HT raphe
neurons (van Doorninck et al., 1999). Gata3 seems to play
a critical role in the development of serotonergic neurons
of the caudal raphe nuclei and thus in locomotor perfor-
mance (Matise et al., 1998).

Based on the increasing body of evidence that genetically
driven variability of transcriptional regulators, neurotro-
phins, and growth factors, is associated with behavioral
traits, research is giving more and more emphasis to the
investigations of the molecular basis of gene regulation in
complex behavior. Despite their remarkable impact on brain
development and behavioral functions, mechanisms under-
lying the developmental genetics of serotonergic neurons
are only beginning to emerge. Nevertheless, unraveling the
interactions of these determinants of development remains a
daunting task.

Wnt1, Pax2, 5
Otx2, Gbx2 Pax5 =
Eni, En2 5
Shh Fgf8 \ ?:)
o
Glit @ 5-HT
" ==
| R
=
¥ o
Peti AD _g
GAP-43 / 5
/ MAPK 5
N 4
Migration | | Pathfinding TPH2 -
Survival !
5-HT

Connectivity

Maintenance

5-HT phenotype

Fig. 1. Genetic pathways in the development of the raphe serotonin (5-HT) system (modified from Lesch, 2001b). Wntl, Pax2, Pax5, Otx2, Gbx2, Enl, En2,
Shh, Fgf8, Glil, Petl, Foggy, Eagle, and GATA3 are transcription factors. GAP-43, Smad3, BMP, TGFR, CNTF, and BDNF are neurotrophins and other
growth factors. TrkB, neurotrophin receptor; MAPK, MAP kinase; AD, adenylyl cyclase; PKA, protein kinase A; TPH2, tryptophan hydroxylase 2; R, receptor.
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3.5.1. Transcription factor Petl

Although many transcription factors have been implicated
in the development of 5-HT neurons, they are also important
for the development of many other neuronal and nonneuronal
cell types. While Nkx2.2 and Gli2 are also required for
induction of floor plate and adjacent cells including both
serotonergic and dopaminergic neurons throughout the mid-
brain, hindbrain and spinal cord (van Doorninck et al., 1999),
expression of Petl, an ETS domain transcription factor, is
restricted to the rostrocaudal extent of hindbrain raphe nuclei
and closely associated with developing serotonergic neurons
in the raphe nuclei (Hendricks et al., 1999) (Fig. 1). Petl is
therefore likely to be distinct from other factors because its
expression pattern suggests that it performs a strictly seroto-
nergic-specific function in the brain. Moreover, consensus
Pet1-binding motifs are present in the transcriptional regula-
tory regions of both the human and murine 5-HT) 4 receptor,
5-HTT, tryptophan hydroxylases (TPH1 and 2), and aromatic
L-amino acid decarboxylase (Aaad) genes whose expression
profile is characteristic of the serotonergic neuron phenotype,
i.e. 5-HT synthesis, release, uptake, and metabolism (Table
1). In the rat dorsal and median raphe, 5-HT neurons begin to
appear at approximately embryonic day 11 (E11) and peaking
at E13—E14. In these nuclei, it is thought that serotonergic
neuron precursors begin to produce 5-HT near the time of
their last cell division. The detection of Pet] as early as E12.5
in the rostral cluster suggests that it is expressed in 5-HT
neuron precursors during their terminal differentiation, con-
sistent with its expression before the appearance of 5-HT.
Taken together, these findings identify Petl as a critical
regulator of serotonergic system specification.

While nearly all serotonergic neurons fail to differentiate
in mice lacking Petl, the remaining exhibit deficient
expression of genes required for 5-HT synthesis, uptake,
and vesicular storage (Hendricks et al., 2003). In target
fields including cortex and hippocampus, 5-HT specific
fibers as well as 5-HT and 5-HIAA concentrations were
also dramatically reduced in Petl KO mice, whereas no
major cytoarchitectural abnormalities in nuclear groups of
several brain regions were detected. Interestingly, Petl-
deficient mice show evidence for increased anxiety-like
behavior in the elevated plus maze test and enhanced
aggressiveness in the Resident—Intruder test as a conse-
quence of disrupted 5-HT system development. These
findings further support the notion that Petl is a critical
determinant of serotonergic neuron identity. Moreover, the
Petl-dependent transcriptional program appears to couple
5-HT neuron differentiation during brain development to
serotonergic modulation of behavior related to anxiety and
aggression in adulthood.

Beyond the point of transcription initiation and neuro-
trophin action, the role of messenger RNA elongation and
other mechanisms of neural gene regulation are increasingly
attracting systematic scrutiny. Foggy, a phosphorylation-
dependent, dual regulator of transcript elongation affects
development of 5-HT (and dopamine)-containing neurons in

Table 1
Mice with inactivation of serotonergic genes displaying an anxiety-like or
related behavioral phenotype

Knockout Effect of Additional Authors
anxiety-related behavioral
behavior phenotypes,

special features

Serotonergic neuron phenotype-specific genes

5-HT A 1 Consistent in Heisler et al., 1998
receptor different genetic Ramboz et al., 1998
backgrounds Parks et al., 1998
Sibille et al., 2000
5-HT5 1 Aggression T Brunner et al., 1999
receptor
5-HT T Stress reactivity T Holmes et al., 2003
transporter Aggression | Holmes et al., 2002
TPH1 - normal 5-HT Walther et al., 2003
in brain
TPH2 n.d.
MAOA NG aggression | Cases et al., 1995

stress reactivity T Seif and De Maeyer,

1999

Signal transduction

AC VIII T Schaefer et al., 2000
CamKII ! offensive Chen et al., 1994
aggression T
GIRK2 1 hyperactivity Blednov et al., 2001
nNOS 1? impulsivity and Chiavegatto et al.,
aggression T 2001
Developmental factors
NCAM 1 5-HT A Delling et al., 2002
response T
GIRK2 1 Stork et al., 1999
Petl 1 aggression T Hendricks
et al., 2003
BDNF T* *conditional Rios et al., 2001
knockout
constitutive Lyons et al., 1999
knockout:
-,

aggression |
—/—,

not viable
Other 5-HT-related systems
tPA 1 GAP-43, a Pawlak et al., 2003
growth-associated
protein of
growing
5-HT axons |
Neurokinin 1 T serotonergic Santarelli et al., 2001
receptor function T

MAOA, monoamine oxidase A; AC VIII, adenylyl cyclase type VIII;
CamKII, Ca’*-calmodulin kinase II; GIRK2, G protein-activated inward
rectifying potassium 2; nNOS, neuronal nitric oxide synthase, NCAM,
neural cell adhesion molecule; Petl, ETS domain transcription factor;
BDNF, brain-derived neurotrophic factor; tPA, serine protease tissue-
plasminogen activator (tPA); 1/], increase/decrease in anxiety-related
behavior; —, no effect.

n.d., not determined.

the zebrafish (Guo et al., 2000). In the fruit fly, Eagle, a zinc
finger transcription factor with homology to the steroid
receptor family is required for the specification of 5-HT
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neurons (Lundell and Hirsh, 1998). The human orthologs of
Foggy and Eagle remain to be identified and their roles in
anxiety to be determined.

3.5.2. Brain-derived neurotrophic factor

Several other neurotrophins and growth factors also
modulate the phenotype of serotonergic neurons. These
include family members of the neurotrophins, such as
transforming growth factor-g (TGF-f3), bone morphogenet-
ic protein (BMP), and neurokines (ciliary neurotrophic
factor, CNTF) (Galter and Unsicker, 2000a,b). 5-HT itself
regulates the serotonergic phenotype of neurons by se-
quential activation of the 5-HT;, receptor, brain-derived
neurotrophic factor (BDNF), and its receptor trkB as well
as a wide spectrum of signal transduction pathways. In
particular, transcriptional regulation appears to be depen-
dent on stimulation of the adenylyl cyclase/protein kinase
A signaling pathway mediated by a family of cyclic AMP-
responsive nuclear factors, including CREB, CREM, and
ATF-1 (Herdegen and Leah, 1998). These factors contain
the basic domain/leucine zipper motifs and bind as dimers
to cAMP-responsive elements (CREs). Galter and Unsicker
(2000a,b) have therefore proposed the neurotrophin recep-
tor trkB as the master control protein that integrates a
diverse array of signals that elicit and maintain serotoner-
gic differentiation.

BDNEF is involved in a variety of trophic and modulatory
effects that include a critical role in the development and
plasticity of dopaminergic, serotonergic, and other neurons
(Bonhoeffer, 1996; Schuman, 1999). Specifically, BDNF
enhances differentiation of 5-HT neurons during embryonic
development and prevents neurotoxin-induced serotonergic
denervation in adult brain (Frechilla et al., 2000; Galter and
Unsicker, 2000a,b). Furthermore, human fetal mesencephal-
ic cultured cells treated with BDNF exhibit greater neuronal
survival and increased tissue 5-HT concentrations (Spenger
et al., 1995). BDNF treatment of E14 rat embryos induced a
2-fold increase in the number of raphe 5-HT neurons and
produced a marked extension and ramification of their
neurites with greater expression of 5-HTT, 5-HT A, and 5-
HT,g receptors (Galter and Unsicker, 2000a; Zhou and
Iacovitti, 2000). Reduced expression of BDNF modifies
synaptic plasticity resulting in specific alterations in spatial
learning and memory processes, emotionality, and motor
activity in KO mice (Carter et al., 2002; Kernie et al., 2000;
Minichiello et al., 1999), whereas targeted inactivation of
the BDNF receptor, TrkB, leads to neuronal loss and cortical
degenerative changes (Vitalis et al., 2002). In addition,
BDNF mediates the effects of repeated stress exposure
and long-term antidepressant treatment on neurogenesis
and neuronal survival in the hippocampus (D’Sa and
Duman, 2002). These findings converge with reduced
hippocampal plasticity reflected by a reduced hippocampal
volume and hippocampus-related memory deficiency plays
a critical role in the pathophysiology of emotional and
stress-related disorders (Duman, 2002).

Mice completely lacking BDNF have reduced sensory
neuron survival, other neuronal deficits, and are viable only a
few weeks (Ernfors et al., 1995). Heterozygote BDNF +/ —
mice exhibit gene/dose-dependent reductions in BDNF ex-
pression in forebrain, hippocampus, and some hypothalamic
nuclei (Kernie et al., 2000; MacQueen et al., 2001) as well as
decreased striatal dopamine content, decreased potassium-
elicited dopamine release (Dluzen et al., 2002), and some
evidence for decreased concentrations of forebrain 5-HT
concentrations and fiber densities at 18 months of age (Lyons
etal., 1999). Furthermore, learning deficits and hyperactivity
was revealed in BDNF +/ — mice (Kernie et al., 2000). They
also develop intermale aggressiveness in the resident—in-
truder test (Lyons et al., 1999), but do not show increased
anxiety in the elevated plus maze, nor differences in the
antidepressant-sensitive forced swim test (MacQueen et al.,
2001). However, conditional deletion of the BDNF gene in
the postnatal brain leads to increased anxiety-like behavior in
the light—dark box, deficits in context-dependent learning in
a fear conditioning paradigm, and hyperactivity (Rios et al.,
2001). Both conditional and constitutive BDNF KO mice
also exhibit obesity, with hyperphagia, elevated serum glu-
cose, insulin and leptin levels, and elevated cell fat content
(Kernie et al., 2000; Rios et al., 2001).

Possible gene-interactive alterations in 5-HT function and
BDNF expression was recently evaluated in mice with a
combined manipulation of the genes for the 5-HTT and
BDNF. Interestingly, male but not female 5-HTT —/— X
BDNF+/ — DKO mice showed further decreases in brain 5-
HT concentrations as well as further increases in anxiety-like
behavior and stress reactivity compared to 5-HTT —/— x
BDNF+/+ controls (Murphy, personal communication).
These findings support the notion of critical role of gene—
gene interaction in brain plasticity related to anxiety and
related disorders.

3.5.3. Neural cell adhesion molecule

The neural cell adhesion molecule (NCAM) plays a
critical role during brain development and in adult plasticity.
In particular, NCAM is involved in neuronal migration,
neurite outgrowth, synaptic plasticity, and emotional behav-
ior (Schachner, 1997). NCAM-deficient mice display ele-
vated both anxiety and aggression levels (Stork et al., 1999).
Although 5-HT;, binding as well as brain 5-HT and 5-
HIAA tissue concentrations were unaltered, lower doses of
5-HT; A agonists are necessary to reduce anxiety and ag-
gressiveness in the NCAM —/— mice, suggesting a
functional change in the 5-HT;, receptor (Stork et al.,
1999). Interestingly, the expression of one of the effectors
of the 5-HT;5 receptor, the G protein-activated inward
rectifying potassium channel 2 (GIRK2) is greatly upregu-
lated in NCAM KO mice, thus identifying disrupted 5-
HT s-activated cellular pathways as an additional cause for
their anxiety- and aggression-related behavior (Delling et
al., 2002) (see also Section 3.4.3). Taken together, these
findings indicate an involvement of NCAM impacting on 5-
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HT system function through the 5-HT,5 receptors and its
effector, but the specific molecular mechanisms in emotion-
al behavior remain to be elucidated in more detail.

3.6. Other 5-HT-related systems

3.6.1. Tissue-plasminogen activator and growth-associated
protein-43

Adaptive responses to stressful events comprise physio-
logical processes and behavior aimed at sustaining homeo-
stasis, while severe stress may modify this response and lead
to exaggerated fear reaction and persisting anxiety and
depression. At the center of the functional neuroanatomy
of the stress circuit are the amygdala and the hippocampus,
which both exhibit dendritic remodeling following repeated
inescapable stress. Although several key players of the
stress circuit have been characterized, the mechanism that
underlies stress-induced neural plasticity leading to anxiety
and associated cognitive impairment remains to be eluci-
dated. Recently, Pawlak et al. (2003) identified acute re-
straint stress-induced upregulation of the serine protease
tissue-plasminogen activator (tPA) in the amygdala as a
critical mechanism in stress-related neural remodeling
which is either adaptive and directed toward attenuation of
the deleterious impact of stress on the brain or is reflecting
the interference with protective mechanisms. Targeted dis-
ruption of the tPA gene in mice resulted in attenuated
anxiety-like behavior and maladaptive endocrine response
as well as compromised neural plasticity. These findings
suggest that tPA represents a signal to the postsynaptic
machinery to phosphorylate extracellular signal-regulated
kinase 1/2 (ERK1/2), a trigger for postsynaptic plasticity-
related events. Furthermore, axonal remodeling reflected by
decreases in expression of growth-associated protein-43
(GAP-43), a morphogenic protein expressed in growing 5-
HT axons and thus a marker of presynaptic plasticity, in the
amygdala but not in hippocampus. Interestingly, a gene/
dose-dependent failure of 5-HT axons to innervate selected
forebrain regions including the somatosensory cortex and
hippocampus but not the amygdala was revealed in GAP-43
KO mice suggesting GAP-43 as a key regulator in normal
path finding and arborization of 5-HT axons during early
brain development (Donovan et al., 2002; Maier et al.,
1999). However, it remains to be clarified whether GAP-
43 participates also in adult plasticity of the hippocampus or
amygdala, and whether GAP-43 KO mice exhibit changes
in anxiety-related behavior.

3.6.2. Neurokinin 1 receptor

Although substance P and its receptor, neurokinin 1
receptor (NK1R), have been implicated in the control of
mood, anxiety, and stress, the efficacy of NK1R antagonists
as both antidepressants and anxiolytics has been a matter of
considerable debate (Lesch, 2001a). Santarelli et al. (2001)
have recently made a strong argument for a critical role of
the SP/NKIR system the modulation of anxiety-related

behaviors in mice. Targeted inactivation of the NKIR
produced a phenotype that is associated with an increase
of fear and anxiety in the elevated plus maze, novelty
suppressed feeding, and maternal separation paradigms.
Results derived from pharmacologic, immunohistochemical,
autoradiographic, endocrine, and electrophysiological stud-
ies convincingly identify the 5-HT system as a important
participant in anxiety-related responses to NK1R KO, while
an association of the NKIR with noradrenergic neurons
seems to mediate this behavioral phenotype. Thus, NK1R
antagonists may exert their anxiolytic effect by modulating
the activity of noradrenergic neurons, which in turn modu-
late serotonergic function.

4. Clinical implications and outlook

Mutant mice of genes controlling 5-HT system develop-
ment and plasticity, of genes establishing 5-HT neuron
identity, and of genes modulating 5-HT receptor-mediated
signal transduction and cellular pathways provide practical
models to study how genomic variation in these genes
modulates human emotional behavior (Lesch, 2001a). Alle-
lic variation in the expression of human genes and function
of their respective protein products, which are determinants
of the serotonergic neuron phenotype, has been implicated
in anxiety-related traits, such as 5-HT,, and 5-HTT (Reif
and Lesch, 2003), and aggressive behavior, such as 5-HT g,
and MAOA (Lappalainen et al., 1998; Lesch and Mersch-
dorf, 2000; Samochowiec et al., 1999) (Table 2). For
instance, consistent with the finding that 5-HTT gene

Table 2
Functional serotonergic gene variations associated with behavioral pheno-
type, psychopathology and psychiatric disorders

Gene Functional Behavioral traits

Variation

Psychopathology/
disorders

5-HT receptors

1A C-1019G Anxiety, depression Depression,
suicidality
1B G861C Impulsivity, Alcoholism
(linkage aggression
disequilibrium
with promoter
haplotype)
2C Cys23Ser Feeding, learning ~ Hallucinatory

HTR2C-LPR  and memory, psychosis,

anxiety? eating disorders
S-HTT SHTT-LPR Anxiety, depression Depression/
stress reactivity, suicidality,
aggression alcoholism,
OCD, autism,
ADHD, eating
disorders
MAOA MAOA-LPR  Aggression, anxiety Alcoholism, panic

antisocial behavior disorder, antisocial
personality disorder
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inactivation in mice leads to increased anxiety-like and
reduced aggressive behavior, the allelic variation of human
5-HTT polymorphism is associated with increased trait
anxiety/stress reactivity and neural responses to fear (Hariri
et al., 2002; Lesch, 2003; Lesch et al., 1996). Moreover,
genetically driven variation in 5-HTT function also modifies
the risk for anxiety and depressive disorders and their
response to treatment (Caspi et al., 2003; Collier et al.,
1996; Lesch, 2001b; Lesch and Mdossner, 1998). Another
example is a repeat polymorphism in the promoter region of
the human and nonhuman primate MAOA gene that differ-
entially modulates gene transcription (Bennett et al., sub-
mitted for publication; Deckert et al., 1999). Allelic
variation in MAOA gene expression and enzyme activity
is not only associated with aggressiveness and violence but
also with panic disorder and antisocial personality disorder
in a gender-specific fashion (Deckert et al., 1999; Samo-
chowiec et al., 1999).

Most notably, genetic influences are not the only
pathway that lead to individual differences in personality
dimensions, behavior, and psychopathology. Complex
traits like anxiety, depression, or aggression are most likely
to be generated by a complex interaction of environmental
and experiential factors with a number of genes and their
products as documented extensively for the S-HTT (Barr et
al., 2003; Bennett et al., 2002; Caspi et al., 2003; Cham-
poux et al., 2002; Lesch et al., 2002). Even pivotal
regulatory proteins of neurocircuits have only a modest
impact, while noise from epigenetic mechanisms obstructs
identification of relevant gene variants. Although current
methods for the detection of gene—environment interaction
in behavioral genetics are largely indirect, the most perti-
nent consequence of gene identification for behavioral
traits may be that it will provide the tools required to
systematically elucidate the effects of gene—environment
interaction.

Finally, future benefits will stem from the potential
development of strategies involving spatio-temporally spe-
cific conditional knockouts with and gene transfer technol-
ogy that could facilitate novel drug design (Lesch, 2001a).
Paralleling the resolution of gene—gene and gene—environ-
ment interactions and the fading dogma that neurons are
highly vulnerable and their capacity for regeneration, repro-
ducibility, and plasticity is limited, it is being realized that
advanced gene transfer strategies may eventually be appli-
cable to complex behavioral disorders.
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