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Preface

Research on anxiety and anxiety disorders is undergoing a paradigmatic trans-
formation as disparate areas of psychiatric nosology, epidemiology, pharma-
cology and cognitive neuroscience converge towards an integrated understand-
ing of the pathophysiology of these disorders.

In the last century, the basic treatment indicated for patients with anxiety
disorders was to employ psychotherapy to facilitate changes in behaviour and
develop ways of coping with stressful life events. A wide spectrum of somatic
treatments from catharsis and emetics to opium and strengthening tonics,
from atropine and digitalis to potassium bromide and chloral hydrate, from
benzodiazepines to antidepressants came to be used as well. Systematic studies
of antidepressants revealed that these drugs have antipanic properties inde-
pendent of their antidepressive effects. This finding stirred a new classification
of anxiety disorders, which is reflected in the current classification systems,
such as the international classification of diseases (ICD) published by the World
Health Organization (WHO). Anxiety has evolved as a defensive mechanism
disposing the individual to recognize changes. As a warning signal, anxiety
has life-saving qualities, and a species without appropriate anxiety would not
survive. While normal anxiety is beneficial to co-ordinate response patterns
in a threatening situation, pathological anxiety has many facets that can bur-
den an individual substantially and warrants therapeutic intervention. The
new classification of anxiety disorders encouraged basic and clinical research
on the pathophysiology and treatment of pathological anxiety. Using newly
developed methods and techniques, we are now beginning to understand the
molecular mechanisms of anxiety, anxiety disorders and their treatment. In
parallel, new drug targets have been generated and the first clinical studies
with new compounds have been started.

In the first chapter, C.T. Wotjak describes the results of studies on the cellular
basis of learning and memory together with a description of the methods that
led to these discoveries. Aversively motivated learning and memory enable us
to recognize and to appropriately respond to potentially dangerous situations.
These abilities, which ensured the survival of humans and animals throughout
evolution, bear the risk of pathological alteration that might be directly linked
to distinct human anxiety disorders, such as phobias or post-traumatic stress
disorder.
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A detailed overview of animal models for anxiety-related behaviour is pre-
sented by F. Ohl. These models are indispensable tools to unravel the neuro-
biological mechanisms underlying normal anxiety as well as its pathological
variations. The main concepts in generating animals models for anxiety, i.e. se-
lective breeding, experience-related models, genetically engineered mice, and
phenotype-driven approaches, are described and the potential opportunities
and caveats of current models as well as the emerging possibilities offered by
gene technology are discussed.

Although current views emphasize the joint influence of genes and envi-
ronmental sources during early brain development, the physiological com-
plexities of multiple gene and environment interactions as well as cross-talk
between minor gene variants in the developmental neurobiology of fear and
anxiety remain poorly understood. Focusing on the hypothalamic-pituitary-
adrenocortical system, substance P and the serotonergic system, three chapters
describe the impact of mutagenesis and knockout techniques on our current
understanding of anxiety-related behaviour. K.P. Lesch reviews findings show-
ing that variations in genes coding for proteins that control serotonin (5-HT)
system development and plasticity establish 5-HT neuron identity and modu-
late 5-HT receptor-mediated signal transduction, and cellular pathways have
been implicated in the genetics of anxiety and related disorders. In particular,
pertinent approaches regarding phenotypic changes in mice bearing inactiva-
tion mutations of 5-HT receptors, 5-HT transporter, monoamine oxidase A and
other genes related to 5-HT signalling are discussed. M.E. Keck and M.B. Miiller
describe how neuroendocrine and behavioural phenotypes of anxiety disor-
ders are at least in part mediated via modulation of corticotropin-releasing-
hormone (CRH) and vasopressin (AVP) neurocircuitry and that normaliza-
tion of an altered neurotransmission after treatment may lead to restoration of
disease-related alterations. A. Bilkei-Gorzo and A. Zimmer show that anxiety
and depression-related phenotypes are profoundly affected by the tachykinin
system.

The genetic epidemiology of anxiety disorders is reviewed by K.R. Merikan-
gas and N.C.P. Low. They conclude that better comprehension of the phe-
nomenology of the specific anxiety disorders and their overlap should guide
the development of the next phase of diagnostic categories. In light of the
rapidly accumulating information on genetic variations associated with anx-
iety disorders, we can expect that based on these genetic data new drugs will
emerge not only for better treatment of the clinical conditions but also for
preventing their onset.

The interactions between CRH and 5-HT and the implications for the ae-
tiology and treatment of anxiety disorders are reviewed by A.C.E. Linthorst.
A. Neumeister, R.]. Daher and D.S. Charney focus on the central role of no-
radrenergic neurotransmission for fear, anxiety and consequently the devel-
opment and treatment of anxiety disorders. H. Mohler, K. Vogt, F. Crestani
and U. Rudolph review the pathophysiology and pharmacology of the y-
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aminobutyric acid (GABA), receptors. The diversity of the GABA, receptors
as described in the past decade is the basis for novel subtype selective ben-
zodiazepine site ligands with hypnotic, anxiolytic, anticonvulsive or memory-
enhancing activity.

The physiology and pathology of excitatory amino acid neurotransmission
is described by C.G. Parsons, W. Danysz and W. Zieglgdnsberger. At present,
there seems to be a consensus that competitive AMPA and N-methyl-p-aspar-
tate (NMDA) receptor antagonists have a low chance of finding therapeutic
applications. Antagonists showing moderate affinity and satisfactory selec-
tivity for certain NMDA receptor subtypes seem to have a more favourable
profile.

C.H. and R.S. Duman focus on signal transduction and neural plasticity
in the neurobiology and therapy of anxiety. The challenge of identifying in-
tracellular signalling pathways and related molecular and structural changes
that are critical to the aetiology and treatment of anxiety disorders will further
confirm the importance of mechanisms of neuronal plasticity in functional
outcome and improve treatment strategies.

Anxiety modulation by neuropeptides is described by R. Landgraf. Par-
ticularly due to their high number and diversity, the dynamics of their cen-
tral release and the multiple and variable modes of interneuronal commu-
nication they are involved in, neuropeptides play a major role in the reg-
ulation of anxiety-related behaviour. Despite the immense progress in the
field of neuropeptides and anxiety, we are far from mimicking these pro-
cesses simply by administering synthetic agonists or selectively attenuating
the pathology by administration of receptor antagonists. The only exception
seems the development of antagonists blocking the effects of CRH. One of the
CRH receptor antagonists has been probed in a clinical study with promis-
ing results. From the clinical perspective, R. Yehuda describes the neuroen-
docrine aspects of post-traumatic stress disorder (PTSD). The observations
in PTSD are part of a growing body of neuroendocrine data providing ev-
idence of insufficient glucocorticoid signalling in stress-related psychiatric
disorders.

The clinical presentation of anxiety disorders according to the fourth edition
of the Diagnostic and Statistical Manual of Mental Disorders is summarized
by R. Lieb. In addition, selected aspects (prevalence, correlates, risk factors
and comorbidity) of epidemiological knowledge on anxiety disorders are pre-
sented.

Pharmacogenetics is a field of research increasing our knowledge on the
use of psychotropic drugs in different ethnic patient populations. K.-M. and
M.T. Lin’s chapter on transcultural issues summarizes current knowledge on
the metabolism of anxiolytic agents with emphasis on pharmacogenetics and
ethnic variations in drug responses.

Challenge studies in anxiety disorders are highlighted by M.E. Keck and
A. Strohle. The heterogeneity of agents capable of producing panic attacks
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in susceptible patients and the inconsistency of autonomic responses during
apanic attack has led to the assumption that panic originates in an abnormally
sensitive fear network, which includes the prefrontal cortex, insula, thalamus,
amygdala and amygdalar projections to the brainstem and hypothalamus. The
differences in sensitivity to certain panicogens, therefore, might be fruitful
in serving as biological markers of subtypes of panic disorders and should
be a major focus of research, as the identification of reliable endopheno-
types is currently one of the major rate-limiting steps in psychiatric genetic
studies.

The current state on the pharmacotherapy of anxiety disorders is summa-
rized by J.R. Nash and D.J. Nutt. The recent shift in clinical practice towards the
use of antidepressants, particularly SSRIs, for the first-line treatment of anxi-
ety disorders is supported by research evidence from randomized controlled
trials. It is only in recent years that drugs acting via GABA neurotransmis-
sion have been supplanted as first-line treatments, and new drugs in this class
with improved tolerability compared to the benzodiazepines are likely to be
marketed in the near future.

New developments in the pharmacological treatment of anxiety disorders
are summarized by A. Strohle. Further characterization of pathophysiological
processes including evolving techniques of genomics and proteomics will gen-
erate new drug targets. Drug development design will generate new pharma-
cological substances with specific action at specific neurotransmitter and neu-
ropeptide receptors or their reuptake and metabolism. New anxiolytic drugs
may target receptor systems which only recently have been linked to anxiety-
related behaviour. Combining psychopharmacological and psychotherapeuti-
cal interventions is a further field where benefits for the treatment of anxiety
disorders could be achieved. Although the road of drug development is ardu-
ous, improvements in the pharmacological treatment of anxiety disorders are
expected for the near future.

Pharmacogenetic strategies in anxiety disorders are described by E.B. Binder
and F. Holsboer. This field holds great promise for the treatment of anxiety
disorders, and in the future psychiatrists may be able to base the decision
regarding the type and dose of a described drug on more objective parameters
than only the diagnostic attributions used so far. This will limit adverse drug
reactions and could reduce time to response, resulting in a more individualized
pharmacotherapy.

Introducing proteomics, C.W. Turck shows that the comprehensive analysis
of the protein complement of the genome of an organism is becoming an
increasingly important discipline for the identification of disease targets. The
effects of drug treatment and metabolism can now be studied on the protein
level in a comprehensive manner.

We thank all the contributing authors for their excellent manuscripts. We
thank K. Starke, who has initiated this volume and the Springer-Verlag team,
especially S. Dathe, for the smooth co-operation. With this volume of the



Preface X

Handbook of Experimental Pharmacology, we are happy to present an overview
on the current state of basic and clinical research on “Anxiety and Anxiolytic
Drugs”.

Munich and Berlin, March 2005 F. Holsboer, A. Strohle
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Abstract Learningand memory processes are thought to underlie a variety of human psychi-
atric disorders, including generalised anxiety disorder and post-traumatic stress disorder.
Basic research performed in laboratory animals may help to elucidate the aetiology of the
respective diseases. This chapter gives a short introduction into theoretical and practical
aspects of animal experiments aimed at investigating acquisition, consolidation and extinc-
tion of aversive memories. It describes the behavioural paradigms most commonly used as
well as neuroanatomical, cellular and molecular correlates of aversive memories. Finally,
it discusses clinical implications of the results obtained in animal experiments in respect
to the development of novel pharmacotherapeutic strategies for the treatment of human
patients.
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1
Introduction

One common characteristic of animals throughout the animal kingdom is their
ability to adapt to suddenly changed environmental conditions. If these adap-
tations rest on modifications of the nervous system and become evident at the
behavioural level, we say that the animals have learned. Whereas learning de-
scribes the process of adaptation, memory refers to the state and persistence of
the adaptive behavioural changes. A typical learning curve consists of several
subsequent phases. Memory acquisition is the phase of acute interaction of an
organism with its changing environment that is characterised by admission of
sensory information. During memory consolidation, the acquired information
is further processed within the brain, leading to transient or lasting changes in
interneuronal communication, i.e. to formation of memory engrams. Animals
show memory retention as long as they are principally able to retain the adap-
tive changes of their behavioural performance. This, however, does not mean
that they are always able to retrieve/recall the memory, i.e. to ‘translate’ the
altered interneuronal communication into the adaptive behavioural changes.
Most memories dissipate with time, due to reversal of the original changes
in interneuronal communication or to additional modification of the respec-
tive neuronal circuits by new learning processes that disturb retrieval of the
original memory. Memories can also be actively extinguished by training. The
resulting state of reduced memory performance is called retention of mem-
ory extinction and is thought to rest on the formation of new memories that
counteract the retrieval of the original one. The existence of various phases of
memory processing underscores the importance of clearly describing which
stage of the learning curve is targeted by a pharmacological study.

With the advent of molecular biology, refinements of neurophysiological
tools and selection of suitable animal models, it became more and more feasible
to search for the cellular basis of memory. This chapter will briefly summarise
the results of this search together with a description of the methods that led
to the discoveries. In this context, I will largely concentrate on aversively mo-
tivated learning and memory that enable us to recognise and to appropriately
respond to potentially dangerous situations. These abilities, which ensured the
survival of man and animal throughout evolution, bear the risk of pathological
alteration that might be directly linked to distinct human anxiety disorder,
such as phobias or post-traumatic stress disorder. In the beginning of this
chapter, I will briefly introduce behavioural paradigms and animal models
that turned out to be useful for the study of aversive memories, followed by
a short description of neurological substrates and cellular mechanisms that
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are involved in the respective memory processes. I will end with a discussion
of how closely animal experiments resemble the situation in human beings.

This chapter has been written for pharmacologists and physicians inter-
ested in the ways of studying the involvement of learning and memory in the
aetiology of pathological anxiety. Hopefully, it will provide a guideline for bet-
ter understanding the rationales and experimental strategies of the respective
animal experiments and stimulate the searching for novel therapeutic targets.
At the same time, it should sharpen the attention for potential caveats of vari-
ous methodological approaches (cf. Wotjak 2004). It is not my intention to give
an exhaustive review on the formation and extinction of aversive memories
and the clinical impact of these processes. Readers interested in more detailed
information will be referred to more specialised publications.

2
Behavioural Paradigms for Studying Aversive Memories

Motivation is essential for both memory acquisition/consolidation and mem-
ory retrieval. Principally, animals are motivated to approach rewarding and
to avoid aversive situations. This has been used for the development of be-
havioural paradigms that help to study memory processing of appetitive (re-
warding) and aversive (punishing) events. Most of these paradigms are of asso-
ciative nature and can be assigned either to classical or to instrumental condi-
tioning. However, aversive memories might be formed also in non-associative
manner, e.g. by sensitisation (for a detailed description of theoretical and prac-
tical aspects of the learning paradigms see Mackintosh 1974; Dickinson 1980;
Dudai 1989; Eichenbaum and Cohen 2001).

For human beings, two different memory categories have been introduced.
According to Schacter, implicit (or unconscious/unaware) memory is revealed
when previous experiences facilitate performance on a task that does not re-
quire conscious or intentional recollection of those experiences. Explicit mem-
ory, in turn, is revealed when the performance of a task requires conscious rec-
ollection of previous experiences. These are descriptive concepts that are pri-
marily concerned with a person’s psychological experience at the time of mem-
ory retrieval. Accordingly, the concepts of implicit and explicit memory neither
refer to nor imply the existence of two independent or separate memory sys-
tems (Schacter 1987). As these two memory categories cannot be easily applied
to the situation in animals, they will not be further considered in this chapter.

2.1
Classical Conditioning

Classical (‘Pavlovian’) conditioning is a process whereby a subject learns the as-
sociative relationships between discrete elemental or configural stimuli, with



4 C.T. Wotjak

one stimulus being initially ‘neutral’ (or innocuous) to the animals (condi-
tioned stimulus, CS) and the other (unconditioned stimulus, UCS) being able
to evoke an unconditioned response. A distinct CS (designated CS+) comes to
gain control over eliciting a conditioned response if the probability of a UCS oc-
currence in combination with the CS exceeds that of its unsignalled occurrence.
If the two probabilities are equal, the CS has apparently no predictive value,
in which case the lack of predictability itself is learned (‘learned irrelevance’).
If the probability of a UCS occurrence alone exceeds that of its combination
with the CS, the CS (conditioned inhibitor, CS—) predicts the omission of the
UCS. In latent inhibition studies, the CS will be presented several times before
its pairing with a rewarding or aversive stimulus, with the consequence that
animals will show a diminished conditioned response to it. Explicit unpairing
of CS and UCS is often used as a control for the specificity of learning-induced
changes in interneuronal communication, as both paired and unpaired pro-
tocols share similarities in number and intensity of CS/UCS presentation and
differ solely in the temporal relationship between the two stimuli. However,
this kind of control could be inappropriate, as unpairing induces a learning
process as well, in that animals will regard the CS as a conditioned inhibitor.

The conditioned response elicited by a CS+ might be similar to the un-
conditioned response to the UCS. However, it seems to be more appropriate
to assume that the conditioned response is elicited by the anticipation of the
UCS rather than necessarily consisting of any component of the uncondi-
tioned response (Fanselow 1994; Gray and McNaughton 2000). The nature of
the conditioned response depends on the UCS and the behavioural repertoire
of a distinct species and cannot be controlled by the experimenter.

Fear conditioning and eyelid conditioning are the most frequently used
paradigms of aversive classical conditioning. In these tasks, a tone or light (CS+)
will be associated with a mild electric shock (UCS) applied either to the feet
(fear conditioning) or to the eye (eyelid conditioning). As a consequence of
this pairing, the CS+ will elicit a fear reaction that can be measured at the
behavioural level as freezing (immobility except for breathing-related move-
ments), fear-potentiated startle (potentiation of a normal startle reaction to
a loud tone during presentation of the CS+, typically a light signal), con-
ditioned suppression of an operant behaviour (e.g. lever pressing for food
or water) or reflexive closure of the eye (eyelid or eye-blink conditioning).
The conditioned emotional response becomes manifest also at the hormonal
(increased secretion of stress hormones) and autonomic (e.g. tachycardia, gal-
vanic skin response, rise in blood pressure) levels (Davis 2000). The majority
of studies analyse the animals’ freezing response to the CS. Other than mea-
surements of startle responses or eyelid closures, this analysis does not require
a sophisticated technical apparatus and enables behavioural observations in
free, non-restrained animals. In any case, detailed knowledge about the neural
basis of a selected behavioural response turns out to be essential for correct in-
terpretation of the data in respect to the strength and persistence of the aversive
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memory. For instance, electrical stimulation of the sensory pathway that relays
information of the tone signal to the lateral amygdala triggers a sequence of
different fear reactions ranging from increased vigilance via freezing to escape
behaviours, depending on the intensity of stimulation (Lamprea et al. 2002).
Under these circumstances, an extraordinarily strong association between
tone and shock can result in panic-like behaviour rather than a pronounced
freezing response. Uncritical reduction of a complex behavioural phenotype
to a single behavioural parameter could, therefore, easily lead to false-negative
or false-positive findings.

Fear conditioning depends on the temporal overlap of CS and UCS (con-
tiguity). In a common conditioning protocol, the onset of the tone precedes
the shock by several seconds and co-terminates with it (delay conditioning).
In other cases (trace conditioning) there is an interval between the end of the
tone and application of the footshock that can last from milliseconds to several
seconds. On longer intervals, the CS will usually not be associated with the
UCS anymore. The situation is different for conditioned taste aversion (see
also Sect. 2.2), for which CS and UCS presentation can be separated by several
hours (for review, see Welzl et al. 2001). In general, contingency of a particular
CS (i.e. its ability to predict the occurrence of the UCS) seems to be more critical
for memory acquisition than contiguity (Mackintosh 1983; Rescorla 1988).

Animals form associations not only between a discrete elemental or uni-
modal CS (i.e. tone, light or odour) and the UCS, but also between the more
complex test situation (configural or polymodal CS) and the shock. Configural
CS are composed of a complex ‘meshwork’ of different unimodal CS (such as
the shape, structure, material and smell of the conditioning environment), of
the handling procedure and of information about the inner state of the animals.
Memory of elemental CS is called cued memory; memory of the configural CS,
contextual memory. In a common auditory fear-conditioning task, the appear-
ance of the tone is temporally connected tightly with the presentation of foot
shock (foreground conditioning), whereas the conditioning context is more
latent (background conditioning).

2.2
Instrumental Conditioning

Instrumental (‘Thorndikian’, operant) conditioning is the process whereby the
animals acquire new behavioural patterns that enable them to alter the fre-
quency of their exposure to stimulus events. Whereas in classical conditioning
subjects learn about relations between signal and significant events such as
food or danger (stimulus-stimulus association), in instrumental conditioning
theylearn about relations between their behaviour and those significant events
(response-stimulus learning). In instrumental conditioning, the experimenter
controls the occurrence of the stimuli. The animals, by contrast, have more con-
trol over the occurrence of the response. If the occurrence of the stimulus is
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completely independent of the occurrence of responding, animals either do not
change their baseline response rate (in case of a rewarding stimulus: learned
irrelevance) or develop a special type of learned irrelevance called ‘learned
helplessness’ (in case of aversive stimuli). If the probability that a response is
followed by a rewarding stimulus (also called a positive reinforcer) is above
chancelevels, animals will show the behavioural response more frequently than
during baseline conditions in order to maximise reward. Contrarily, if the re-
sponse is followed by a punishment (also called a negative reinforcer), animals
will reduce their response below baseline performance in order to minimise
punishment. The latter situation is typical for passive (or inhibitory) avoid-
ance paradigms in which animals are in an approach-avoidance conflict that
performance of a natural behavioural response would lead to a punishment.
Animals can avoid this punishment only if they remain passive. Typical exam-
ples for passive avoidance paradigms are step-down avoidance, step-through
avoidance and conditioned taste aversion for rats and mice as well as bead
pecking for chicks. In the step-down task, animals will be placed on a neu-
tral platform that is localised on a metal grid. Animals receive a mild electric
footshock as soon as they leave the platform. In the step-through task, animals
will be placed onto the brightly illuminated floor of a test box that consists of
a lit and a dark compartment connected by a sliding door. Because of their
innate aversion to brightly lit environments, the animals will ‘escape’ to the
dark compartment where they will receive a footshock. Memory performance
is generally assessed by measuring the time until animals step down from the
platform or leave the lit compartment on re-exposure to the respective test sit-
uation. In conditioned taste aversion (which contains aspects of both classical
and instrumental conditioning), thirsty animals will be exposed to a fluid of
novel taste (commonly a sucrose solution), followed by an injection of lithium
chloride that causes nausea and discomfort. Animals will avoid consuming
this fluid in the future, which is taken as a measure of the aversive memory.
With bead-pecking avoidance, a similar task has been established for chicks.
In this task, coloured beads are coated with a distasteful chemical compound
and exposed to day-old chicks. Chicks that peck such beads show a disgust
reaction and will avoid a similarly coloured but dry food in the future.

If in instrumental conditioning a response is not followed by a punishment,
but its absence, animals will increase this response in order to minimise pun-
ishment. In active avoidance tasks, for instance, animals have to show a distinct
behavioural response in order to avoid a punishment. Typical examples would
be shuttle-box experiments and jump-up avoidance. A shuttle box consists of
two compartments that are connected by a sliding door. The punishment will
be signalled by either a tone or a light stimulus (CS). Animals have to leave the
compartment in which the CS was presented within a selected amount of time,
after which the CS would be followed by a footshock. In the pole-jump test, the
occurrence of the footshock will be signalled by a tone or light stimulus as well.
Animals can avoid the punishment if they jump onto a vertical wooden rod.
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Memory performance will be assessed by the number of anticipatory responses
(i.e. escape reactions during CS presentation). Whereas fear conditioning and
passive avoidance tasks can be acquired within a single trial, active avoidance
learning usually requires more intensive training. In case of repeated training,
the distribution of learning events into several sessions (spaced learning) re-
sults in stronger memories than equivalent amounts of training crammed into
a single session (massed learning).

2.3
Sensitisation

Both classical and instrumental conditioning are based on associative learn-
ing processes. However, animals might show an intensified or reduced be-
havioural response following non-associative learning as well. During sen-
sitisation, a stressful, aversive event (e.g. footshock) leads to an unspecific
increase in the sensitivity/reactivity to distinct sensory stimuli (Rosen and
Schulkin 1998; Stam et al. 2000). The resulting aversive memory intensifies the
animals’ innate defence reaction. This definition implies that animals only be-
come more sensitive to sensory stimuli that are generally able to elicit defensive
reactions.

3
Animal Models

The majority of cellular signalling cascades involved in memory processing
have been described in invertebrates, namely in the giant marine snail Aplysia
californica (Abel and Kandel 1998; Kandel 2001) and the fruit fly Drosophila
melanogaster (Dubnau and Tully 1998). Moreover, basic principles of mem-
ory consolidation have been discovered in chicks (Rose and Stewart 1999;
Rose 2000). Nevertheless, this chapter will largely concentrate on rats and
mice, which are the preferred experimental subjects for the study of cellular
correlates of aversive learning and memory in mammals and most closely re-
semble neural processes of human being (Denny and Justice 2000; Bucan and
Abel 2002).

Today, there are hundreds of different rat and mouse lines available. New-
comers to the field of animal experimentation might wonder what species and
strains to use for a selected experimental question. Rats have the clear ad-
vantage over mice in that they are bigger (in particular when it comes to the
stereotaxic targeting of small brain structures), less impulsive and superior to
mice pertaining to the complexity of their behavioural ‘repertoire’ (Whishaw
et al. 2001). Mice, in contrast, are the preferred subjects of geneticist. Their
genome has been sequenced, and genetical tools for specific and sophisticated
manipulations of the genome have been established exclusively for this species.
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Moreover, their housing is less space- and cost-intensive, which predestines
them for large mutagenesis screens, selective breeding and quantitative trait
loci studies. Although rats are principally indispensable for behavioural exper-
iments, mice will clearly dominate the experimental analysis of learning and
memory for the next decade.

Before selecting one of the different mous and rat strains available from
commercial suppliers for a given experiment, one has to carefully consider the
rationale of the planned study (Andrews 1996; Crawley et al. 1997; Owen et al.
1997). Mice from C57BL/6 strains, for instance, are good learners in a variety of
memory tasks, including amygdala- and hippocampus-dependent condition-
ing. DBA/2 mice, by contrast, are poor learners in hippocampus-dependent
paradigms, including contextual fear conditioning (Paylor et al. 1994; Gerlai
1998). The selection of C57BL/6 or DBA/2 strains would therefore depend on
whether one expects impairment or amelioration of memory performance
after a certain pharmacological treatment.

With the advent of modern mouse genetics, mice could be generated that
bear either a transgene, which will be expressed under control of a specific
promoter (transgenic mice), a specific point mutation in a given protein, a null
mutation of a gene (conventional ‘knock-outs’) or ablation of a gene in tem-
porally and locally restricted manner (conditional ‘knock-outs’) (Picciotto
and Wickman 1998). The most advanced generation of mutant mice (inducible
‘knock-outs’) allows the timed inactivation of a given gene by pharmacological
means (Mayford and Kandel 1999). The latter animals turn out to be extremely
useful for analysis of the involvement of the respective gene product in different
phases of the learning curve (e.g. Shimizu et al. 2000; Genoux et al. 2002; Kida
et al. 2002). Unlike conventional and conditional ‘knock-outs’, these animals
do not bear the risk that alterations in their memory performance are due to
developmental defects or compensatory processes (Gingrich and Hen 2000;
Gross et al. 2002). Strictly taken, studies performed in conventional ‘knock-
outs’ investigate the animals’ ability to cope with the life-long and ubiquitous
ablation of a given gene product. Quite often, this ability depends on the genetic
background of the animals, indicating that the mutation targeted a ‘specific
gene ensemble’ rather than a single gene (Routtenberg 2002). In any case, it is
strongly recommended to validate major findings obtained with mutant mice
by comparing them with intact control animals using pharmacological means.

Embryonic stem cells for the generation of ‘knock-out’ mice have been
available from a small subset of inbred strains only (i.e. 129 strains), which,
ironically enough, turned out to be poor learners in a variety of learning and
memory tasks (Montkowski et al. 1997; Cook et al. 2002). Experimental success,
thus, largely depends on an optimal breeding strategy (Wolfer et al. 2002),
which, however, requires the co-ordination between molecular biologists and
behavioural scientist at early stages of mouse generation. As soon as two
different mouse strains are mixed, we face the problem of genetic background,
in particular for the generation of null mutants by homologous recombination
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(Gerlai 1996, 2001). In such cases, animals have to be crossed with a pure inbred
strain (commonly C57BL/6] lines) for at least 6-8 generations (backcrossing).
For correct interpretation of data obtained in genetically modified mice it is
indispensable to follow the strict rules of strain nomenclature (Wotjak 2003).

The breeding scheme of ‘knock-out’ mice defines not only the genetic back-
ground, but also the availability of control animals. Control animals (wild-type)
bear no mutation on their chromosomes. Their behaviour will be compared
with that of mice with a mutation on each allele (homozygous) or one al-
lele only (heterozygous). For behavioural experiments, animals of all three
genotypes should derive from the same heterozygous breeding pairs. As litter-
mates, they share a similar life history with respect to maternal care and stress.
Homozygous breeding pairs should be avoided, as the mutation might affect
maternal behaviour, which, in turn, has strong influences on stress suscepti-
bility and memory capabilities of the offspring (Meaney 2001). However, even
for heterozygous breeding pairs, there is still a risk of observing false-positive
differences between homozygous null-mutants and their wild-type littermate
controls. The offspring are not passively nursed by their mothers, but inter-
act with them and compete among each other for resources. As mutants are
commonly weaker than their wild-type littermates, this situation might be of
disadvantage for them and lead to long-lasting changes in their emotionality.

Housing conditions are another important factor that influences memory
performance (Wiirbel 2001). In standard laboratory conditions, rats and mice
are housed under sensory deprivation in an extremely impoverished environ-
ment. It is, therefore, not surprising that animals that grew up in an enriched
environment are better learners (van Praag et al. 2000). However, enrichment
might eventually ‘overwrite’ effects of a mutation (Rampon et al. 2000). Fur-
thermore, it might increase the variability among the experimental subjects,
with negative consequences for the statistical interpretation of the data.

4
Neurological Substrates of Aversive Memories

For a long time, scientists had been sceptical that memory could ever be as-
signed to specific brain regions. However, as distinct mental functions such
as movement co-ordination, perception, attention and language could be lo-
calised to different regions, it turned out that memory processes also critically
depend on selected brain structures (Milner et al. 1998). As learned behaviour
can be regarded as a refinement and further development of intrinsic (innate
or inherited) behaviour (Vanderwolf and Cain 1994), learning-induced alter-
ations in interneuronal communication primarily occur in those brain circuits
that are involved in expression of the respective behavioural response. These
brain circuits might differ in a number of brain structures, depending on the
characteristics of the stimuli processed (e.g. olfactory vs auditory fear con-
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ditioning vs conditioned taste aversion). Nevertheless, there are a few brain
structures that seem to be of general importance for most types of aversive
learning. These structures include the amygdala (crucial for consolidation and,
possibly, also storage of aversive memories; McGaugh 2000; LeDoux 2000) and
the hippocampus (critical for learning and memory tasks in which discontigu-
ous items must be associated, in terms of their temporal or spatial positioning;
Wallenstein et al. 1998). Before I come to a short description of anatomical and
functional features of these brain structures, I will briefly consider the method-
ological approaches that have led to the characterisation of such structures’
importance for aversive memories.

4.1
How to Find a Candidate Brain Structure

First indicators for an involvement of a given brain structure in learning and
memory processes are local changes in neuronal activity. These changes can
be measured during different phases of the learning curve. In vivo methods
[such as functional magnetic resonance imaging (fMRI), microdialysis pro-
cedures or electrophysiological recordings of electroencephalograms (EEG),
sensory evoked field potentials and single unit activity] enable the monitoring
of neuronal activity in conscious animals during memory performance. With
these techniques, dynamic changes in neuronal activity can be observed over
several learning phases within the same experimental subject. A disadvantage
is, however, that most of these methods are cost intensive, invasive, show rel-
atively poor temporal and spatial resolution (e.g. fMRI, EEG) and allow the
simultaneous monitoring of a relatively small number of brain structures only.

In vitro (in situ) methods monitor neuronal activity off-line. For this pur-
pose, animals have to be killed at a given time point of the learning curve, and
markers of neuronal activity (e.g. expression patterns of immediate early genes
or local accumulation of specific metabolic markers such as 2-deoxyglucose)
(Sharp et al. 1993; Herdegen and Leah 1998; Sokoloff 2000) are visualised in
the dissected brain. In vitro methods are less cost-intensive and less techni-
cally demanding than in vivo approaches. They allow, furthermore, analysis
of a high number of brain structures. Elaborate statistical tools enable the
characterisation of functionally relevant neuronal circuits (e.g. McIntosh and
Gonzalez-Lima 1994). A disadvantage is, however, that these methods provide
only a snapshot of neuronal activity during a distinct phase of the learn-
ing curve.

4.2
How to Prove a Causal Involvement in Learning Processes

Changed neuronal activity during a distinct learning phase provides at best
an indirect hint for a critical involvement of this brain structure in memory
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processes. Lesion studies are, therefore, indispensable as a proof of causalities.
We distinguish between permanent and transient lesions. Permanent lesions
can be achieved by electrocoagulation, aspiration, knife cuts or, preferably, lo-
cal administration of excitotoxins (Jarrad 2001, 2002). Permanent lesions have
generally the disadvantage that they cannot be confined to distinct phases of
the learning curve. Transient lesions, by contrast, can be achieved by cooling of
distinct brain structures or local administration of anaesthetics, tetrodotoxin
(which blocks the propagation of action potentials) and muscimol [an ago-
nist of the y-aminobutyric acid (GABA), receptor]. Transient lesions allow
for the dissection of the role of a brain structure for a given learning phase
and provide information not only on ‘where’ but also ‘when’ and for ‘how
long’ these processes take place, thus adding the chronological dimension to
the topographical one (Ambrogi Lorenzini et al. 1999). The causal involve-
ment of a distinct brain structure in learning and memory can, furthermore,
be assessed by local pharmacological treatments. Compared to lesioning, this
approach has not only the advantage that it is not destructive, but it is also in-
formative as to the mechanisms of memory processing (Izquierdo and Medina
1998; McGaugh and Izquierdo 2000).

Brain structures can be lesioned either before (anterograde) or after (retro-
grade) a distinct phase of the learning curve. Notably, for anterograde lesioning
there is the risk that animals bypass the lesioned brain structure and still show
relatively normal memory performance, although the brain structure would
have been involved in intact animals. In any case, care has to be taken that
lesions or pharmacological treatments do not interfere with general locomo-
tion, motivation or processing of sensory information, but specifically with
memory processes.

4.3
Candidate Brain Structures

A variety of brain structures seem to be essential for aversive memories. In the
following, I will briefly introduce the hippocampus and amygdala involvement,
without disregarding the importance, for instance, of the cerebellum for eye-
blink conditioning (Thompson et al. 1997, 2000; Medina et al. 2002) and the
insular cortex for conditioned taste aversion (e.g. Berman and Dudai 2001).

4.3.1
Hippocampus

The hippocampus received its name from the similarity of the human hip-
pocampus to the tail of a seahorse (Latin name, hippocampus). In mice and
rats, however, there is little resemblance to a seahorse. In fact, in these species
the hippocampus has a rather ‘banana-like’ shape in its rostro-caudal exten-
sion. Morphologically and functionally, scientists differentiate between the
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dorsal pole (also septal pole because of its close connections with the septum)
and the ventral pole of the hippocampus. The hippocampus contains several
anatomically and functionally well-defined cell fields (CA1 to CA4, named af-
ter Cornu ammonis, a snail that stimulated the morphologists’ imagination in
a similar manner as the seahorse did when it came to the description of the
human hippocampus). Together with the entorhinal cortex, the dentate gyrus
and the subiculum, the hippocampus comprises the hippocampal formation
(Amaral and Witter 1989).

Inputs to the hippocampus are spread to the different cell fields primarily
by the famous trisynaptic pathway (Amaral and Witter 1989). According to
this simplified circuit, the entorhinal cortex projects to the dentate gyrus via
the perforant path, the dentate gyrus to CA3 region via the mossy fibres and
the CA3 region to the CA1l region via the Schaffer collateral. This trisynaptic
pathway turned out to represent an excellent model system for studying cellular
processes of synaptic plasticity. The fact that this pathway remains intact in
coronal sections of the rat and mouse brain and that the subfields can be easily
visualised opened the avenue for studying synaptic plasticity under in vitro
conditions.

Plenty of evidence suggests an essential role for the hippocampus in the
formation and extinction of aversive memories, in particular in passive avoid-
ance learning (Izquierdo and Medina 1997). The hippocampus is not essential
for acquisition and recall of cued fear memories in delay fear conditioning
(Kim and Fanselow 1992; Phillips and LeDoux 1992). In contrast, it plays an
important role for the processing of aversive memories following trace fear con-
ditioning (Berger and Thompson 1976; McEchron et al. 1998) and background
contextual conditioning tasks (Maren and Holt 2000; Sanders et al. 2003; but
see also Gewirtz et al. 2000). As background contextual conditioning occurs in
parallel to the acquisition of cued fear memories, analysis of drug effects on
each of the two components enables the dissection of hippocampus-dependent
from hippocampus-independent memory processes and unspecific effects of
a pharmacological treatment or mutation (e.g. on locomotion, emotionality,
general sensitivity to sensory inputs).

43.2
Amygdala

The amygdala is the most prominent brain structure pertaining to the gener-
ation of negative emotions, including fear and anxiety (LeDoux 2000; Adolphs
2002; Dolan 2002). It has been named after its structural similarities in humans
with an almond (Latin name, amygdala). The amygdala is a heterogeneous col-
lection of interconnected nuclei in the depth of the temporal lobe that differ
morphologically and functionally. A detailed description of its complex struc-
tural organisation and functions is given elsewhere (Swanson and Petrovich
1998; Pitkdnen 2000). In brief, the amygdala contains cortical and striatal com-
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ponents. The cortical components (i.e. the basolateral amygdala complex that
combines lateral, basolateral and basal amygdala) seem to be essential for both
cued and contextual fear conditioning, in particular for the association be-
tween CS and UCS. Efferents of the basolateral amygdala to extra-amygdaloid
brain structures are thought to regulate active responses to potentially dan-
gerous stimuli or situations (Killcross et al. 1997). The striatal components
comprise the medial and central nuclei, the latter of which receives inputs
from the basolateral amygdala complex and orchestrates the defensive reac-
tions of the animals to the aversive stimulus events. The role of the basolateral
amygdala complex as a place where aversive memories are not only acquired,
but also consolidated and stored, is disputed (Cahill et al. 1999; Fanselow and
LeDoux 1999). According to the consolidation hypothesis (McGaugh 2000), the
basolateral amygdala complex facilitates the consolidation of aversive memo-
ries in other brain structures, but does not serve as a storage site itself. In any
case, the amygdala (in particular the basolateral amygdala complex) is essen-
tial for memory acquisition and consolidation in passive avoidance tasks and
fear conditioning (delay and trace cued conditioning, contextual conditioning)
(LeDoux 2000; Maren 2001).

Sensory information about auditory stimuli reach the lateral amygdala via
two different pathways, either directly from thalamic relay structures, such as
the medial geniculate nucleus, or from cortical structures (auditory cortex).
Information transfer via the thalamus is faster but less precise when it comes
to the exact recognition of the sensory stimulus. In contrast, information pro-
cessed by cortical structures is precise but needs longer to reach the amygdala
(LeDoux 1998, 2000). An ultimate explanation of this parallel processing of
sensory stimuli might be that it seems less devastating for an animal to react
immediately to a potentially harmful stimulus with a false alarm, than to react
to it too late (LeDoux 1996).

5
Cellular Mechanisms Underlying Aversive Learning and Memory

More than a century ago, Ramén y Cajal and Tanzi postulated that cellu-
lar mechanisms of learning and memory include both the formation of new
synaptic connections and the restructuring of the existing ones to make the
interneuronal communication more efficacious (for review and references see
Geinisman 2000). Another 50 years later, Donald Hebb formulated his famous
principles of memory encoding, stating that “When an axon of cell A is near
enough to excite a cell B and repeatedly or persistently takes part in firing it,
some growth process or metabolic change takes place in one or both cells such
that A’s efficiency, as one of the cells firing B, is increased” (Hebb 1949; for
review see Sejnowski 1999). Today, it is generally accepted that learning leads
to transient or permanent modifications in interneuronal communication via
morphological or functional changes of synaptic contacts (Milner et al. 1998;
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Woolf 1998; Geinisman 2000). A variety of cellular models of learning and
memory have been established, including long-term potentiation (LTP), long-
term depression (LTD; for comprehensive review see Martin et al. 2000) and
kindling (Adamec and Young 2000; Hannesson and Corcoran 2000). LTP and
kindling are induced by repetitive high-frequency stimulation of discrete brain
areas or specific pathways and characterised by long-lasting hyperexcitability
to single electrical pulses. LTD, in turn, is induced by low-frequency stimula-
tion and stands for decreases in neural excitability. Despite the ongoing debate
about their physiological significance (e.g. H6lscher 1997; McEachern and
Shaw 1999), LTP and LTP have a high number of cellular processes in common
with learning and memory (Martin et al. 2000; Blair et al. 2001; Braunewell
and Manahan-Vaughan 2001; Goosens and Maren 2002).

5.1
Memory Acquisition

There is good evidence that both associative and non-associative learning
lead to a strengthening of synaptic contacts. For instance, in auditory cued
fear conditioning, coincident depolarisation of principal (i.e. glutamatergic
pyramidal) neurones within the lateral amygdala by a tone and a footshock
results in a potentiation of those synapses, which relay the auditory infor-
mation to that brain structure (Rogan et al. 1997; Collins and Paré 2000;
Tang et al. 2001). This potentiation becomes evident by an increase in evoked
field potentials compared to baseline responses. However, as field potentials
integrate over the activity of multiple neurones and might even be volume
conducted from other brain structures, care has to be taken that the changes
in interneuronal communication indeed originate from the lateral amygdala.
Studies verified the lateral amygdala as the place of learning-induced changes
in synaptic transmission by local infusion of anaesthetics (Tang et al. 2003)
as well as by single-unit (e.g. Collins and Paré 2000) and intracellular record-
ings (Rosenkranz and Grace 2002). The potentiation of synaptic transmission
may affect each of the two principal inputs to the lateral amygdala, the thala-
mic (Rogan et al. 1997) and the cortical pathways (Tsvetkov et al. 2002). The
similarities of memory acquisition and LTP induction include cooperativity
(a neurone must reach a threshold of depolarisation before learning-induced
or LTP-induced synaptic changes can occur) and associativity (pairing stim-
ulation of a weak pathway with stimulation of a strong pathway results in
facilitated synaptic transmission in both pathways). Both memory acquisition
and LTP induction depend on a special form of ionotropic glutamate receptors
[N-methyl-p-aspartate (NMDA) receptors], protein kinases, voltage-gated cal-
cium channels and protein synthesis (e.g. Schafe et al. 2001; Blair et al. 2001).
Recently, with the gastrin-releasing peptide, a transmitter could be described
that is specifically expressed in the brain circuit responsible for fear condi-
tioning and involved in both induction of LTP in the cortical afferents to the
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lateral amygdala and auditory-cued fear conditioning (Shumyatsky et al. 2002).
Other studies revealed that learning-induced changes in synapses of the cor-
tical projections are under negative control of the medial prefrontal cortex
(Grace and Rosenkranz 2002). In this context, dopamine seems to play a cru-
cial role for memory acquisition, as it overrides the inhibitory input from the
medial prefrontal cortex and potentiates the cortical input.

The amygdala is not the only brain structure where learning causes a re-
building of synaptic contacts during aversive learning. Sensitisation by appli-
cation of an electrical footshock, for instance, affects synaptic transmission in
the septal-hippocampal system (Thomas 1988; Garcia 2002). Most prominent,
however, are the refinements of receptive fields in the auditory cortex. On more
intensive training protocols than the few tone-shock parings usually applied
in fear conditioning paradigms, neurones of the auditory cortex become sen-
sitive to the frequency of the tone used during conditioning (Weinberger 1998;
Edeline 1999). Importantly, these changes are not restricted to classical condi-
tioning, but are also evident following active avoidance learning. They include
modifications that allow gerbils (a species with excellent hearing capabilities)
to form categories about special features of more complex tone signals (Ohl
et al. 2001).

Auditory-cued fear conditioning leads to a potentiation of field potentials
not only within the lateral amygdala but also within the hippocampus (Doyere
et al. 1993; Tang et al. 2003). On first glance, this observation has been as-
tonishing, as the hippocampus is not essential for acquisition and recall of
aversive memory to the tone during delay conditioning (Kim and Fanselow
1992; Phillips and LeDoux 1992). However, a recent publication provides the
first evidence for its physiological relevance (Moita et al. 2003) that might only
become evident in more complex test situations (Doyere et al. 1993).

Only a few studies used in vivo electrophysiological recordings for contex-
tual conditioning or passive avoidance learning (e.g. Sacchetti et al. 2001). In
contrast, cellular mechanisms underlying memory acquisition in these tasks
were extensively studied by pharmacological and genetical means (Izquierdo
and Medina 1997; Schafe et al. 2001; Silva 2003). Similarities between induction
of hippocampal LTP and memory acquisition are evident. However, a causal
relationship between these two processes still remains to be shown (Gerlai
2002).

With the technical progress being made in molecular biology, it has be-
come possible to screen for genes that might be critically involved in acqui-
sition (and consolidation) of aversive memories. These techniques include
mutagenesis screens and quantitative trait loci studies. In large mutagene-
sis screens, breeding pairs are treated, for instance, with the highly muta-
genic compound N-ethyl-N-nitrosourea (ENU) (Anderson 2000; Brown and
Balling 2001). Offspring of these breeding pairs are tested for their mem-
ory capabilities. The quantitative trait loci approach, in contrast, is based on
the different behavioural performance of genetically heterogeneous mice. In
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a typical experimental situation, animals of two different inbred strains are
crossed, with the consequence that the F1 generation shares 50% homology of
their genome with each of its parental strains. F1 animals are then crossed with
mice from their parental strains, with the consequence that animals of the F2
generation are genetically and behaviourally heterogeneous due to homologue
recombination during meiosis (crossing-over). Animals of the F2 generation
are ranked according to their behavioural performance in the learning task.
For the upper and the lower 10%, the contribution of genes from the two
parental strains to the behavioural phenotype are estimated using polymor-
phism markers (Wehner et al. 2001).

5.2
Memory Consolidation

More than a century ago, Miiller and Pilzecker proposed the perseveration-
consolidation hypothesis, according to which new memories initially persist in
afragile state and consolidate over time to reach a state in which they are insen-
sitive to disruption (Lechner et al. 1999 and references therein). About 50 years
later, Gerad and Hebb independently from each other came up with the dual-
trace theories of memory, suggesting that short-term and long-term memories
are sequentially linked, and stabilisation of reverberating neural activity (un-
derlying short-term memory, lasting for seconds to hours) produces long-term
memory (lasting for hours to months) (McGaugh 2000 and references therein).
Later on, however, it could be demonstrated that drugs might selectively block
either short-term or long-term memory, indicating that these two processes
occur independently and in parallel (McGaugh 2000; Izquierdo et al. 2002).
Memory consolidation becomes manifest in morphological and functional
changes of synaptic contacts. The underlying cellular mechanisms have been
studied by pharmacological manipulation, activity monitoring and genetic ap-
proaches (for review see Martin et al. 2000; Kandel 2001; Silva 2003). In this way,
two different groups of agents could be characterised: permissive agents and
instructive agents. Permissive agents may ‘arouse’ brain structures. They are
necessary, since they aid the instructive agents, but are not sufficient for mem-
ory storage. Instructive agents, by contrast, directly modify synaptic strength
(Shobe 2002), for instance by directly altering transmitter release, by recep-
tor sensitisation/desensitisation and by structural rearrangements. Whereas
permissive agents are rather ubiquitously distributed throughout a neurone
following memory acquisition, instructive agents are confined to those synap-
tic terminals that undergo functional and/or morphological changes during
learning. The mechanisms underlying this synapse specificity still remain elu-
sive. However, with the synaptic tag hypothesis there is a promising concept
for future investigations (Frey and Morris 1998). According to this hypothesis,
consolidation at local sites represents a dual process: memory acquisition in-
duces both cell-wide expression of macromolecules and the formation of local
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postsynaptic ‘tags’ that ‘hijack’ only the macromolecules to those synapses
that are involved in the memory engram.

Changes of neural processes initiated by memory acquisition follow differ-
ent time courses for different brain structures. For instance, transient inacti-
vation of the basolateral amygdala interfered with consolidation of cued and
contextual memory for 48 h, whereas the perirhinal cortex was sensitive to
retrograde amnesia for 192 h (Sacchetti et al. 1999). Long-term consolidation
of contextual fear (Shimizu et al. 2000) and spatial memory (Riedel et al. 1999)
requires recurrent activation of hippocampal ionotropic glutamate receptors
for about 1 week following conditioning, which led to the synaptic re-entry
reinforcement hypothesis of memory consolidation (Wittenberg and Tsien
2002). Obviously, it seems to be an evolutionary advantage to delay memory
consolidation until the significance of an experience could be evaluated. In
fact, events that precede or follow memory acquisition are able to interrupt the
consolidation process by proactive and retroactive inhibition (Xu et al. 1998;
Izquierdo et al. 1999), possibly via LTD-like mechanisms (Manahan-Vaughan
and Braunewell 1999). Accordingly, there seem to be similar critical phases for
consolidation of LTP, during which a depotentiation is possible (Huang and
Hsu 2001; Lin et al. 2003a).

Consolidation processes for short-term and long-term memories are distin-
guished by their dependency on de novo protein synthesis (Davis and Squire
1984; Matthies 1989; Izquierdo et al. 2002). Blockade of transcription or trans-
lation by drug infusion into lateral amygdala or hippocampus revealed that
the consolidation of long-term but not short-term memories for cued and
contextual fear conditioning as well as passive avoidance learning required
protein synthesis (Schafe and LeDoux 2000; Kida et al. 2002; Muller Igaz et
al. 2002). Interestingly, there seem to be at least two different waves of pro-
tein synthesis necessary for memory consolidation, with peaks between 0-1 h
and 3-6 h after conditioning (Bourtchouladze et al. 1998; Muller Igaz et al.
2002), corresponding to those described for bead pecking in chicks (Free-
man et al. 1995). Protein synthesis will be initiated via a cascade of second
messenger systems and protein kinases that, in turn, activate transcription
factors [such as the cAMP-responsive element binding protein (CREB)] and
finally transcription (Milner et al. 1998; Clayton 2000; Kandel 2001). The ac-
tivity of this consolidation cascade is negatively controlled at various levels,
for instance by protein phosphatases and repressors of transcriptional ac-
tivity (Abel and Kandel 1998; Cardin and Abel 1999; Kandel 2001; Genoux
et al. 2002).

The characterisation of memory-related genes and proteins belongs to the
hot spots of current memory research (D’Agata and Cavallaro 2002). Respective
studies in the field of aversive memories employ different molecular biolog-
ical methods including in situ hybridisation (Ressler et al. 2002), differential
display (Huang et al. 1998), subtractive hybridisation (Stork et al. 2001) and
DNA microarrays (Kida et al. 2002). Most critical for the correct interpretation
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of the data are the selections of appropriate controls, as unspecific changes in
gene expression may occur already from handling of the animals and expo-
sure to the test context. Another critical point is the dissection of biological
material. So far, the methods employed, in particular for analysis of the pro-
teome, require relatively high amounts of protein, with the consequence that
whole brain structures have to be analysed. However, only a small subset of
neurones or even synapses of a given neurone might be involved in a distinct
memory process, and neurones are highly heterogeneous in their gene expres-
sion profiles (Kamme et al. 2003; Levsky and Singer 2003). Consequently, the
signal-to-noise ratio would be very small on average over whole brain struc-
tures, making subtle changes in gene expression, expected for learning events,
hard to detect (Geschwind 2000).

The role of the amygdala for consolidation of aversive memories is generally
accepted. However, as stated before, it is still debated as to whether or not the
amygdala is also the storage site for the consolidated memories. Some authors
suggest that the amygdala is essential for memory consolidation and storage in
other brain structures only. According to their hypothesis, punishment used for
aversively motivated learning activates the two major hormonal stress systems
of the organism, the hypothalamic-pituitary-adrenal axis (with corticotropin
and corticosterone/cortisol) and the sympatho-adrenergic system (with nora-
drenaline and adrenaline). Both stress systems seem to funnel into the same
regulatory system at the level of the amygdala. The resulting potentiation of the
local effects of noradrenaline leads to an activation of efferent projections that
are known to modulate plastic changes, for instance within the hippocampus
(McGaugh and Roozendaal 2002).

Interestingly, the role of the hippocampus as a storage site of aversive mem-
ories is temporally limited. Contextual fear memories are susceptible to lesions
of the hippocampus only for 3-4 weeks after memory acquisition (Kim and
Fanselow 1992). During this time, they become finally consolidated in neocor-
tical structures in a process that is called systems reconsolidation. Memories
that have become independent of the hippocampus with time are referred to
as ‘remote’ memories. Cellular correlates of systems reconsolidation are fairly
unknown. It is conceivable that these processes involve reiteration of learning-
induced changes in neuronal activity during wakening and sleep (for reviews
see Sejnowski and Destexhe 2000; Sutherland and McNaughton 2000; Graves
et al. 2001; Paré et al. 2002) as well as principles of homeostatic plasticity
(Turrigiano and Nelson 2000).

Another striking characteristic of aversive memories is their ability to re-
consolidate on reactivation. By definition, memories should be insensitive to
disruption, for instance by electroconvulsive shocks or drugs, once they have
been consolidated. This is, in fact, the case as long as the treatments do not
coincide with memory recall. Reactivation of a memory, however, makes it
‘labile’ again because of reconsolidation processes (Sara 2000; Nader 2003).
Reconsolidation resembles consolidation in that similar cascades of molecular
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events seem to be activated, including phosphorylation of the transcription
factor CREB (Hall et al. 2001a; Kida et al. 2002), expression of immediate early
genes (Hall et al. 2001a,b) and protein synthesis (Nader et al. 2000). However,
reconsolidation occurs faster and is more sensitive to amnesic challenge than
initial memory consolidation (Nader 2003). Even remote aversive memories
return to a labile hippocampus-dependent state on reactivation. Reconsoli-
dation processes initiated in this way are sensitive to the memory-disrupting
effects of protein synthesis blockade again (Debiec et al. 2002). However, not
all forms of remote aversive memories seem to undergo reconsolidation in
a labile state (Milekic and Alberini 2002), an observation that deserves fur-
ther investigation. Nevertheless, retrieval-induced reconsolidation might have
evolved as a useful mechanism for dynamically integrating new information
into pre-existing memory engrams.

53
Memory Retrieval

Memory retrieval is the only direct measure of memory in animal experi-
ments. However, in the absence of controls that closely match the conditions
for performance, it is difficult to make inferences about the role of a neu-
robiological process in retrieval. Depending on the circumstances, memory
retrieval might lead to memory reconsolidation or memory extinction (Nader
2003). It is, therefore, not surprising that it shares cellular mechanisms, such
as dependency on protein kinases and activation of immediate early genes
(Hall et al. 2001a,b; Szapiro et al. 2002), with each of the two other processes.
Interestingly, a recent study (Murchison et al. 2004) ascribes an important
role in retrieval of aversive memories to noradrenaline, thereby challenging
concepts about its primary involvement in consolidation processes (McGaugh
and Roozendaal 2002).

54
Memory Retention

Memory retention and memory decay describe the same phenomenon but
from two different perspectives: either we emphasise that memories are rel-
atively stable over time (memory retention) or that they dissipate with time
(decay, temporal degradation). So far, little is known about the cellular corre-
lates of memory retention/decay. If memory acquisition and consolidation
indeed lead to long-term changes in synaptic contacts and interneuronal
communication, the question remains as to how these changes are main-
tained over long period of times, despite the regular protein turnover and
hormonally mediated structural reorganisation of dendritic arbours. Recent
data suggest that these processes include subunit-specific dynamic changes
in the expression of distinct ionotropic glutamate receptors in the postsy-
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naptic membrane (for review see Malinow and Malenka 2002). Other authors
postulate ‘mnemogenic’ chemical reactions as the basis of memory retention,
including phosphorylation/autophosphorylation and conformational changes
(Roberson and Sweatt 1999). Failures of these processes or counterregulatory
mechanisms (e.g. dephosphorylation) would, consequently, lead to memory
decay (e.g. Genoux et al. 2002).

5.5
Memory Decay and Extinction

Everyone experiences how memories may dissipate with time. Responsible
for this phenomenon might be spontaneous forgetting, the suppression of
memory retrieval and memory extinction. Spontaneous forgetting describes
the loss of learned performances that is often observed when time elapses
between memory acquisition and memory retrieval. It results from different
processes (Bouton et al. 1999). First, memory traces might dissipate over time.
Second, information might increasingly interfere with retrieval of the original
memory in a proactive or retroactive manner. Third, memory retrieval might
be disturbed transiently or permanently (e.g. following head injury or stroke).
Fourth, a recent study suggests that neurogenesis in the dentate gyrus might
play arolein the clearance or destabilisation of outdated hippocampal memory
traces after systems reconsolidation, thereby saving the hippocampus from
overload (Feng et al. 2001). Furthermore, on confrontation with reminders of
unpleasant or traumatic events, we often try to refocus attention and ignore the
unwanted memory. The ability to suppress memory retrieval is accomplished,
in part, by executive-control mechanisms as a special case of response-override
situations (Levy and Anderson 2002).

It is a matter of debate whether memories can be erased at all (Jacobs
and Nadel 1985). However, there is some evidence from animal experiments
that processes that lead to learning or LTP-induced changes in interneuronal
communication can be reversed by specific opponents of the consolidation
cascade, as for instance phosphatases (Genoux et al. 2002; Lin et al. 2003a,b).
The decay of both LTP and memory seems to depend on NMDA receptors.
However, there are conflicting data as to whether recurrent activation of NMDA
receptors promotes decay or long-term consolidation processes (Shimizu et al.
2000; Villarreal et al. 2002).

Whereas memory decay describes the actual loss of memory, the term
extinction stands for an active learning process that suppresses rather than
erases the original memory (Bouton and Swartzentruber 1991; Myers and
Davis 2002). Extinction requires memory retrieval in the absence of positive
or negative reinforcement. The conclusion that extinction can be regarded as
an active process bases on the following observations: First, extinction reten-
tion dissipates over time thus resulting in re-occurrence of the extinguished
conditioned response (spontaneous recovery). Second, the extinguished mem-
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ory performance reappears in a context different from that used for extinc-
tion training (renewal). Third, presentation of the UCS following extinction
training re-activates the extinguished CS-UCS association (memory reinstate-
ment).

Extinction seems to engage the same brain structures as memory acquisi-
tion and consolidation (Myers and Davis 2002; Schwaerzel et al. 2002). A variety
of neurotransmitter and second messenger systems could be characterised that
contribute to extinction of aversive memories, including glutamate (via NMDA
receptors), GABA, dopamine, noradrenaline (via f-adrenergic receptors), se-
lected forms of voltage-gated calcium channels, protein kinases, phosphatases
and endocannabinoids (for comprehensive review see Myers and Davis 2002).
If extinction training indeed represents an active learning process during
which the animals learn that the CS does not predict the occurrence of the
UCS anymore, it would be interesting to analyse what transmitter systems are
of particular importance for which phase of the extinction learning curve. So
far, however, animals have mostly been treated before extinction training, thus
leaving open whether the pharmacological intervention interfered with the
initiation or consolidation of extinction.

As mentioned before, retrieval renders the consolidated memories labile
again. It seems to depend on the test situation, whether this labile state is
followed by reconsolidation or extinction of the aversive memory. Blockade
of reconsolidation processes (e.g. by interrupting protein synthesis within the
lateral amygdala), for instance, has led to extinction of the fear responses to
the CS in an auditory fear-conditioning paradigm (Nader et al. 2000).

Several studies suggest that the prefrontal cortex plays an important role
in retention of extinction by reducing amygdala-dependent fear reactions.
On inappropriate functioning, animals show abnormal perseveration of fear
responses (Garcia 2002). However, data about the involvement of the pre-
frontal cortex in fear conditioning are relatively inconsistent (Morgan and
LeDoux 1995; Gewirtz et al. 1997), which might be related to the anatomical
and functional heterogeneity of this brain area. In fact, lesions that spared
with the caudal infralimbic nucleus a prominent part of the ventromedial
prefrontal cortex had no effect on extinction (Gewirtz et al. 1997). By con-
trast, lesions that included this brain structure resulted in impaired extinc-
tion consolidation and retention (Quirk et al. 2000). Furthermore, infralimbic
neurones showed an increased activity to the CS (i.e. tone) following ex-
tinction training that was negatively correlated with the animals’ freezing
reaction. Importantly, stimulation of infralimbic neurones by electrical im-
pulses that resembled extinction-induced changes in neuronal activity sim-
ulated extinction memory in the absence of extinction training (Milad and
Quirk 2002).

The medial division of the prefrontal cortex seems to contribute to memory
extinction as well. It is under negative control of the basolateral amygdala
(Pérez-Jaranay and Vives 1991; Garcia et al. 1999), most likely via activation
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of the mesocortical dopamine system (Davis et al. 1994; Morrow et al. 1999;
Tzschentke 2001). After complete extinction of the fear response, which co-
incides with a return to baseline of learning-induced potentiation of neural
activity within the basolateral amygdala complex (Rogan et al. 1997; Tang
et al. 2001), the medial prefrontal cortex will be activated and gain inhibitory
control over the amygdala (Garcia 2002). The latter process likely involves the
activation of inhibitory interneurones within the basolateral amygdala (Grace
and Rosenkranz 2002).

The septal-hippocampal system is another prominent brain circuit involved
in extinction of aversive memories. It is the major component of the be-
havioural inhibitory system of the brain and essential for the suppression of
aversive emotional states (Thomas 1988; Gray and McNaughton 2000; Gar-
cia 2002). For instance, long-term changes in septal-hippocampal efficacy
turned out to be critical for the inhibition of behavioural despair, including
the expression of freezing behaviour (Garcia 2002).

It is of importance to note that cellular mechanisms of extinction might
vary for classical and instrumental conditioning paradigms. In classical con-
ditioning tasks, the experimenter can control the rate of extinction by repeated
presentation of the CS that cannot be avoided by the animals. In commonly used
protocols of instrumental conditioning, by contrast, the animal decides when
to start extinction, for instance by stepping down from a platform (step-down
avoidance) or starting to consume the sucrose solution again (conditioned
taste aversion). These procedural differences might well explain the incon-
sistencies in molecular correlates of extinction that have been reported for
the two conditioning tasks (Myers and Davis 2002). Future studies on extinc-
tion of avoidance learning and conditioned taste aversion should, therefore,
consider withholding the reinforcers of avoidance through blocking avoidance
(response prevention) and prolonging the exposure to the CS/aversive situation
(flooding, Baum 1973).

Extinction can be induced either by a few long-lasting presentations of the
CS (massive extinction training) or by a series of short-lasting CS (graded
extinction training). It critically depends on the training protocol, as the
circumstances of memory retrieval seem to define whether the re-activated
memory undergoes reconsolidation or extinction. Short-lasting presentations
of the CS may cause a flashback of the aversive memory and, together with the
aroused state of the animals, reconsolidation. Presentation of longer-lasting
CS, in contrast, often goes along with an acute within-session extinction of
the fear response that might be essential for consolidation and retention of
extinction (Nader 2003). Moreover, the strength of the originally formed aver-
sive memory determines whether memory retrieval leads to reconsolidation
(strong memories) or extinction (weak memories) (Eisenberg et al. 2003).
This has to be taken into account if extinction of aversive memories should be
modulated by pharmacological means.
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6
Clinical Implications

Most basic researchers and clinicians believe that detailed knowledge about
cellular mechanisms underlying the formation and extinction of aversive mem-
ories will lead to the development of novel therapeutic strategies for the treat-
ment of human anxiety disorders. Our current knowledge about these mech-
anisms largely arises from results obtained in animal experiments. However,
the transferability of such experimental data to the human situation depends
on the validity of the experimental models chosen. Numerous sets of crite-
ria have been developed for evaluating experimental models (McKinney and
Bunney 1969; Willner 1984; Newport et al. 2002). Human psychiatric disorders
may develop as a consequence of genetic and developmental predisposition
that affect sensitivity to life stress and the initiation of pathological processes.
Consequently, it appears rather unlikely that comprehensive animal models
can be developed that accurately reflect the human situation (Shekhar et al.
2001). These limitations apply also for fear conditioning and sensitisation (e.g.
Yehuda and Antelman 1993) that are, nevertheless, frequently discussed as
experimental models for pathological anxiety (i.e. phobias, generalised anxi-
ety disorders, panic disorder and post-traumatic stress disorder) (Marks and
Tobena 1990; Charney and Deutch 1996; Rosen and Schulkin 1998; Bouton
et al. 2001; Garcia 2002). Rosen and Schulkin (1998) suggest that pathological
anxiety evolves directly from normal fear responses. The pathology of these
anxiety disorders would include hyperexcitability in the amygdala and the
bed nucleus of the stria terminalis, caused by a process of neural sensitisa-
tion or kindling in which psychosocial stressors initiate changes in the fear
circuits that lead to enhanced perception and response to subsequent threat
and danger. On the other hand, one of the key functions of the amygdala might
be the potentiation of vigilance by lowering neuronal thresholds in sensory
systems. As a consequence, pathological anxiety may not be a disorder of
fear, but a disorder of vigilance (Davis and Wahlen 2001). Both concepts are
based on hyperexcitability of the amygdala, which can be experimentally in-
duced by conditioning and sensitisation as well as LTP and kindling protocols.
Hence, the respective animal and cellular models seem to be at least analogous
(if not homologous) to the situation in patients and might, therefore, guide
our search for novel therapeutic strategies for the treatment of pathological
anxiety.

Data of animal experiments discussed in this chapter suggest a variety of
potential pharmacological targets for the treatment of pathological anxiety
(Fig. 1). As the occurrence of traumatic events is usually unpredictable, it
seems more promising to interfere with consolidation than with acquisition
processes. In this context, the sympatho-adrenergic and the hypothalamic-
pituitary-adrenal system are of particular interest. Both noradrenaline and
corticosterone/cortisol are known to facilitate memory consolidation, in par-
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ticular for aversive events (Cahill and McGaugh 1998; Korte 2001; McGaugh
and Roozendaal 2002).

Treatments targeting these stress hormone systems would be restricted
to a relatively narrow time window around the learning event. Quite often,
however, patients might consult a physician long after the traumatic incident,
when aversive memories have already been consolidated. Under these circum-
stances, the reconsolidation hypothesis gains particular importance, according
to which (aversive) memories return to a labile state on retrieval. It appears to
be possible to ‘erase’ aversive memories, if memory recall would be combined
with a pharmacological treatment or electroconvulsive therapy (Sara 2000;
Nader et al. 2000; Davis and Myers 2002). Depending on the protocol used,
retrieval might initiate memory extinction rather than memory reconsolida-
tion. This observation has already been used in the clinical praxis in form of
exposure therapy (Marks and Tobena 1990), for instance for the treatment of
post-traumatic stress disorder (Ballenger et al. 2000; Foa 2000; Rothbaum and
Schwartz 2002). Exposure therapies are laborious for both patients and thera-
pists. Data from animal experiments suggest that such therapies could become
more efficient if they would be combined with pharmacotherapy (Myers and
Davis 2002; Davis and Myers 2002) targeting, for instance, the glycine recog-
nition site of the NMDA receptor (Walker et al. 2002), the endocannabinoid
system of the brain (Marsicano et al. 2002) or protein kinases (Lu et al. 2001;
Cohen 2002). Another potential target would be the GABAergic system, which,
however, seems to be involved primarily in the expression of extinction that
has already been acquired and not the extinction process per se (Davis and
Myers 2002). Experiments performed with p-cycloserine, an agonist of the
glycine recognition site of the NMDA receptor, demonstrate how efficiently
animal studies on fear extinction (Walker et al. 2002; Ledgerwood et al. 2004;
Richardson et al. 2004) can be transferred into the pharmacotherapy of hu-
man anxiety disorders (Ressler et al. 2004). Certainly, with the implementation
of genomics, proteomics and pharmacogenomics in animal experiments on
aversive memories, many novel therapeutical targets will be discovered for the
benefit of patients. Exciting times!
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Abstract Animal models for anxiety-related behavior are based on the assumption that anx-
iety in animals is comparable to anxiety in humans. Being anxious is an adaptive response
to an unfamiliar environment, especially when confronted with danger or threat. However,
pathological variants of anxiety can strongly impede the daily life of those affected. To
unravel neurobiological mechanisms underlying normal anxiety as well as its pathologi-
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cal variations, animal models are indispensable tools. What are the characteristics of an
ideal animal model? First, it should display reduced anxiety when treated with anxiolytics
(predictive validity). Second, the behavioral response of an animal model to a threatening
stimulus should be comparable to the response known for humans (face validity). And third,
the mechanisms underlying anxiety as well as the psychological causes should be identical
(construct validity). Meeting these three requirements is difficult for any animal model.
Since both the physiological and the behavioral response to aversive (threatening) stimuli
are similar in humans and animals, it can be assumed that animal models can serve at least
two distinct purposes: as (1) behavioral tests to screen for potential anxiolytic and antide-
pressant effects of new drugs and (2) tools to investigate specific pathogenetic aspects of
cardinal symptoms of anxiety disorders. The examples presented in this chapter have been
selected to illustrate the potential as well as the caveats of current models and the emerging
possibilities offered by gene technology. The main concepts in generating animal models
for anxiety—that is, selective breeding of rat lines, experience-related models, genetically
engineered mice, and phenotype-driven approaches—are concisely introduced and dis-
cussed. Independent of the animal model used, one major challenge remains, which is to
reliably identify animal behavioral characteristics. Therefore, a description of behavioral
expressions of anxiety in rodents as well as tests assays to measure anxiety-related behavior
in these animals is also included in this chapter.

Keywords Anxiety - Animal model - Behavioral phenotyping - Ethological testing

1
Introduction

Anxiety is an essential emotion that is highly conserved during evolution. In
interaction with cognitive parameters, anxiety regulates behavior in humans
and other animals. The assessment of anxiety-related behavior in animal mod-
els is based on the assumption that anxiety in animals is comparable to anxiety
in humans. As a matter of fact, it cannot be proved that rodents, the prime
species in basic research, experience anxiety in the same way as human beings.
However, it is undisputed that distinct behavioral and physiological patterns
in rodents indicate anxiety, i.e., behavioral and peripheral changes presumed
to accompany high sympathetic nervous activity (Hall 1936). From this, an
analogy, if not a homology, between anxiety in humans and rodents may
be assumed.

In principle, being anxious is an adaptive reaction when confronted with
danger or threat. Behavioral and physiological responses accompanying anx-
iety prepare an individual to react appropriately to such situations, i.e., by
displaying defense behavior such as flight or fight. Thus, anxiety enables an
individual to escape from dangerous situations and to avoid them in the first
place (Livesey 1986). However, pathological variants of anxiety can strongly
impede the daily life of those affected. Anxiety disorders are reported to be the
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most prevalent psychiatric diseases. Additionally, a large proportion of psy-
chiatric disorders comprise anxiety and depression, and these two conditions
demonstrate a considerable overlap of clinical symptoms and pathophysiolog-
ical processes. Therefore, some animal models with features of depression will
be discussed as well.

The fact that the pharmacological treatment of choice has remained more
or less the same for several decades (see chapter by Binder and Holsboer, this
volume) emphasizes the urgent need for novel treatment strategies. To reach
this goal, the neurobiological mechanisms underlying normal anxiety and
its pathological variations have to be assessed. The limitations of research in
humans, however, demand appropriate animal models. For decades, rodents
have proved to be excellent animal models for the advancement of medicine as
a whole. Nowadays rodents are becoming increasingly important for research
in psychiatry (Geyer and Markou 1995).

The ideal animal model for any human clinical condition must fulfill three
criteria (McKinney and Bunney 1969): (1) pharmacological treatments known
to be effective in patients should induce comparable effects in the animal
model (predictive validity); (2) the responses or symptoms observed in patients
should be the same in the animal model (face validity); (3) the underlying
rationale should be the same in both humans and animal models (construct
validity). In other words, the ideal animal model for anxiety has to respond to
treatment with anxiolytics such as benzodiazepines with reduced anxietys; it
has to display defense behavior when confronted with a threatening stimulus;
the mechanisms underlying anxiety as well as the psychological causes must
be identical.

Meeting all three validity criteria is difficult for an animal model of anxiety
as there are many heterogeneous forms of pathological anxiety. According to
the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV 1994),
pathological anxiety is classified in five types: obsessive-compulsive disorder,
phobias, panic disorder, post-traumatic stress disorder, and generalized anxi-
ety disorder. Some of these pathological types of anxiety are hard to model in
animals given the very human characteristics of their cardinal features, e.g.,
fear of dying in patients suffering from panic attacks; re-experiencing trau-
matic events in post-traumatic stress disorder. These symptoms are defined by
a subjective verbal report, something that can never be modeled in an animal.
Other aspects, such as the physiological and the behavioral response to aver-
sive stimuli, are similar in humans and animals, allowing animal models to
be used for at least two distinct purposes: (1) as behavioral tests to screen for
potential anxiolytic and antidepressant properties of new drugs and (2) tools
to investigate specific pathogenetic aspects of cardinal symptoms of anxiety
disorders as well as other psychiatric diseases.

In literature, the term “animal model of anxiety” is used for animals altered
in their anxiety-related behavior (Flint et al. 1995; Henn et al. 1993; Liebsch
et al. 1998) as well as for test assays conceptualized to assess anxiety-related
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behavior in animals (Menard and Treit 1999; Rodgers et al. 1997). In the
following, examples of both will be given, but the term “animal model” will be
restricted to the former while the latter will be summarized under the heading
“tests for anxiety.”

2
Tests for Anxiety

Various test paradigms have been developed to assess behavioral parameters
indicating anxiety in rodents. In the following, some well-established and
available tests for anxiety will be described. These tests and also other test
paradigms of unconditioned and conditioned anxiety, not explicitly mentioned
here, are valuable tools in determining the implication of genetic factors in
the whole complexity of behavior, and specifically in identifying the profile of
anxiety-related behavior in rodents. Moreover, they are known to be extremely
usefulin behaviorally phenotyping drugs that potentially affect distinct aspects
of anxiety. However, it should be taken into account that behavioral expressions
represent a combination of behavioral dimensions influenced by genetic as
well as environmental factors. The results of behavioral tests might be strongly
influenced by testing conditions and the test procedure used. Therefore, it is
essential to carefully define these factors when testing for anxiety in animals.
Before describing how to test anxiety in rodents, some general points should
be taken into consideration.

First, anxiety is not a unitary phenomenon, as it includes innate (trait)
anxiety, which is considered to be an enduring feature of an individual, and
situation-evoked or experience-related (state) anxiety. Since tests for anxiety
in rodents are always restricted to the evaluation of situation-evoked behavior,
it might be difficult to investigate trait anxiety in animals. However, the two
phenomena are not separable from each other, as individuals with a high trait-
anxiety often will show an increased tendency to also display high state anxiety.
Thus, the term “anxiety” will be used without an a priori assumption of trait
or state anxiety.

Second, modeling anxiety in animals is critically dependent on the test sys-
tems used. As standard behavioral test assays for anxiety were developed for
and validated by classical anxiolytics, they might be of limited use towards
discovering a new treatment strategy. The design of novel animal models and
tests requires a different approach, namely the implementation of the etho-
logical relevance of behavior. The minimum requirement for such a test in
rodents must allow the animal to display its natural anxiety-related behaviors.
It is also important to take into consideration behavioral dimensions related to
anxiety, such as, for example, exploration, locomotor activity, or cognitive pro-
cesses, as these dimensions are potentially confounding factors when assessing
anxiety.
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Third, during recent years, a tendency towards automation of such tests
has established itself in order to standardize measurements and to avoid sub-
jective interpretation of the animals’ behavior. As only very few behavioral
patterns can be recorded automatically, this increase in standardization causes
alack of sensitivity, because more subtle behavioral alterations of drug effects,
such as changes in risk assessment behavior, remain undiscovered. More-
over, yet-unknown behavioral characteristics, which may occur in genetically
modified animals, might not be detected by automatic recordings, and al-
terations in exploratory strategies are likely to produce wrong results when
analyzed by use of predefined parameters (Ohl et al. 2001b). Thus, more com-
plex, observation-based analyses should be performed, with respect to the rich
behavioral repertoire displayed by rodents (Belzung 1999; Rodgers et al. 1997).

2.1
Behavioral Expression of Anxiety

211
Avoidance of Unprotected Areas as Index for Anxiety

Independent of the test set-up, there are species-specific behavioral expressions
that are related to anxiety in rodents. For example, it is well known from
both field studies and laboratory observations that rodents tend to avoid the
unprotected area of a novel environment when first entering it (Barnett 1963;
Belzung and LePape 1994; Treit and Fundytus 1989). In an experimental set-up,
usually represented by a defined area, rodents will typically start to explore the
environment along the walls while avoiding the open, i.e., unprotected, area
(Fig. 1). The aversive character of an area can be modulated by illumination
levels, with a brightly lit area being more aversive for a rat or mouse, thus
producing a more pronounced avoidance behavior than a dark area. Another

wo 05

protected area unprotected area

Fig. 1 Exploration pattern in a novel environment typically displayed by rodents. Placed in
one corner of the environment, a rodent will first explore the protected area along the walls
(thigmotaxis) before entering the unprotected area
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way to increase a rodent’s aversion against an unprotected area can be achieved
by elevating it and by enabling the animal to see the edge. In fact, the expression
of avoidance behavior depends on the visual capabilities of the animal and
can further be influenced by its locomotor activity, motivational factors, and
also by its exploration strategy (see Sect. 2.1.4). In general, a large body of
literature reports avoidance behavior in rodents is sensitive to compounds
with anxiolytic activity in humans (Belzung and Berton 1997; Chaouloff et al.
1997; Martin 1998).

2.1.2
Exploration: The Counterpart of Anxiety

Being confronted with novelty, behavior in rodents is determined by the con-
flict between the drive to explore the unknown area/object and the motivation
to avoid potential danger. Exploration behavior summarizes a broad spectrum
of behavioral patterns such as risk assessment behaviors, walking, rearing,
climbing, sniffing, and manipulating objects (Barnett 1963; Kelley 1993; Shel-
don 1968).Itis suggested that exploration is gradually inhibited by anxiety, and,
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Fig. 2 Different exploration strategies in mice. While C57BL/6 mice explore a novel environ-
ment along the walls (thigmotaxis), BALB/c mice build a home base by first exploring the
area close to the starting point. Referring to the standard measure for anxiety, i.e., the time
spent in the unprotected area, BALB/c mice seem to be less anxious than C57BL/6. Moreover,
treatment with diazepam decreases the time spent in the unprotected area in both mouse
strains, suggesting an anxiogenic effect. However, looking at the exploration patterns, it is
obvious that diazepam is sedative in C57BL/6 mice while anxiolysis is indicated in BALB/c
mice by disintegration of the home base. (Modified from Ohl et al. 2001c¢)
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therefore, might represent an indirect measurement of anxiety (Crawley and
Goodwin 1980; Handley and Mithani 1984; Pellow et al. 1985). The inhibition
of exploration behavior can be reversed by anxiolytic compounds (Belzung
and Berton 1997; Griebel et al. 1993; Rodgers et al. 1992) but primary alter-
ations in exploratory motivation may confound measures of anxiety (Belzung
1999), which has to be taken into account when behaviorally phenotyping
rodents.

This is nicely demonstrated by the following example: As described above,
amouse or rat will typically start to walk around the walls of an unknown area
(thigmotaxis). This is one strategy but, notably, different exploration strate-
gies exist in rodents (Golani et al. 1999; Ohl et al. 2001b). Using a “home base”
building strategy, some inbred mouse strains first explore the close surround-
ings of their starting point instead of walking around the area. Consequently,
standard parameters that use avoidance behavior will not detect anxiety, while
alterations in the exploratory strategy will indicate anxiolytic effects (Fig. 2).

213
Risk Assessment: A Sensitive Indicator for Anxiolytic Activity?

When confronted with a threatening stimulus, rodents display species-specific
behavioral patterns, such as stretched-attend posture and directed sniffing,
which are categorized as risk assessment behavior (Blanchard and Blan-
chard 1989; Cruz et al. 1994; Rodgers et al. 1997). The biological function
of these behaviors is to gather information regarding the potential threat by
cautiously approaching the threatening stimulus or by scanning the surround-
ings. Risk assessment behavior is thought to be a defense behavior (Blan-
chard et al. 1993), thus being indicative of anxiety. It is of note that factor
analyses on complex ethological measures found risk assessment behavior
to represent a behavioral dimension independent from avoidance behavior
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Fig.3 Behavior of high (HAB) and low (LAB) anxiety rats (see Sect. 2.1.2) after treatment with
either vehicle or diazepam (1 mg/kg). While avoidance behavior towards an unprotected
area remains unaffected, the number of stretched-attend postures is significantly reduced,
indicating ahigh sensitivity of risk assessment behavior for anxiety-modulating drug effects.
The lack of effects on locomotor activity shows that treatment with this relatively low dose
of diazepam was not sedative
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(Cruz et al. 1994; Ohl et al. 2001c; Rodgers and Johnson 1995). These be-
havioral patterns of risk assessment appear to be even more sensitive for
anxiety-modulating drug effects than standard measures of avoidance behav-
ior (Rodgers and Cole 1994; Shephard et al. 1994) (Fig. 3), which might be due
to the fact that risk assessment behaviors still are displayed when the animal
has already overcome its avoidance of, for example, an unprotected area. Thus,
risk assessment behavior represents the longest lasting expression of anxiety
in rodents.

214
Flight-Related Behavior: A Dissociation Between Panic and Generalized Anxiety?

Within the group of anxiety disorders, panic disorder shows an increasing
prevalence (Lecrubier and Ustun 1998), thus giving rise to an urgent need
for causal treatment strategies. As panic disorder is classified by the DSM-IV
system by the presence of symptoms that mostly are impossible to model in an-
imals, such as fear of dying or paresthesias, the assessment of the reliability of
tests for panic behavior predominantly is based on pharmacological validation.
Specific tests based on conditioned behavior, such as the conditioned suppres-
sion of drinking, have been shown to be indicative for antipanic effects of drugs
(Commissaris et al. 1990; Ellis et al. 1990; Fontana et al. 1998, 1989). Although
not revealing the expected effects of panicogenic compounds, the conditioned
suppression of drinking is considered to represent a reliable test for panic disor-
der (Blanchard et al. 2001a). Behavioral assays such as the suppressed drinking
test are based on the conflict between approach and avoidance tendencies in an
animal with avoidance behavior possibly substituting “flight” behavior in this
specific set-up. Taking into account that patients experiencing a panic attack
frequently report an urge to flee, panic disorder was hypothesized to represent
a defense-related human psychopathology (Ashcroft et al. 1993). In contrast,
other authors explicitly state that the precursor of pathological anxiety lies in
the exaggeration of normal fear, not in altered defense behavior (Rosen and
Schulkin 1998).

Extensive studies have been performed, especially by Caroline and Robert
Blanchard and colleagues, (1) to evaluate whether human and rodent defensive
behaviors in response to threat show parallels (Blanchard et al. 2001b) and (2)
to characterize the predictive validity of specific defense patterns in rodents for
anxiety-modulating compounds (for review Blanchard et al. 1997). The Mouse
Defense Test Battery (Blanchard et al. 2003) revealed that distinct defense
patterns such as defensive threat or risk assessment are sensitive to drugs
known to be effective in the treatment of generalized anxiety disorder, while
flight responses are modulated by panicolytic or panicogenic drugs (Blanchard
et al. 2001a; Graeff 2002). Thus, rodent flight behavior appears to be a useful
tool to investigate mechanisms of panic disorder.
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2.1.5
Food Intake Inhibition

Food intake is considered a reliable indicator for the anxiolytic properties of
drugs. Rodents usually are reluctant to eat unknown food (Boissier et al. 1976;
Soubrie et al. 1975). When both familiar and unknown food are presented,
rodents will typically show a longer latency to the first intake of unknown food
compared to the intake of familiar food. Anxiolytic drugs not only reverse this
food intake inhibition (Fletcher and Davies 1990; Hodges et al. 1981) but also
result in an increased consumption of food (Britton and Britton 1981).

2.1.6
Cognition: A Primary Feature of Pathological Anxiety?

In recent years a fundamental relation between anxiety and cognitive pro-
cesses has been demonstrated (Belzung and Beuzen 1995; McNaughton 1997).
It has been argued that cognitive alterations may be the primary present-
ing feature of pathological anxiety (Hindmarch 1998). Gray (1990) already
suggested that anxiety emerges when there is a mismatch between the in-
formation perceived by an individual and the information already stored.
McNaughton (1997) hypothesized that generalized anxiety disorder could be
the consequence of a purely cognitive dysfunction that results in inappropriate
emotional responses. On the other hand, there is extensive evidence that emo-
tional arousal modulates both affective memory and declarative memory (i.e.,
factual knowledge) for emotional events (Cahill and McGaugh 1998; McGaugh
et al. 1996). Still, little is known about the interaction between emotionality
and non-emotional cognitive processes.

Using animals to characterize the interaction of emotion and cognition, one
should most carefully select appropriate animal models and test paradigms.
In studies assessing cognitive processes, the experimental conditions often
interfere with the performance of experimental animals, since stressors such
as novel environment or food deprivation are part of the experimental setting
(Conrad et al. 1996; Hodges 1996; Beck and Luine 1999; Croiset et al. 2000).
Comparable problems occur when pharmacological treatments are used: Ben-
zodiazepines (see also the chapter by Duman and Duman, this volume), for
example, are well known to act both as an anxiolytic and amnestic (Belzung
and Beuzen 1995).

Recently, evidence was provided that in a rat model of innate high or low
emotionality (see Sect. 3.1.1) the degree of anxiety is differentially associ-
ated with enhanced performance of distinct informational processes (Ohl
et al. 2002). It was hypothesized that the increased anxiety-related behavior
may be due to these differences in cognitive processing. Concerning the analy-
sis of the interaction between anxiety and cognition, inbred mouse strains (see
Sect. 3.1.2, such as C57BL/6 (BL6) and DBA/2 (DBA) mice, are also of interest.
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These mouse strains do not only differ in distinct cognitive abilities (for review:
Rossi-Arnaud and Ammassari-Teule 1998; Cabib et al. 2002; Parmigiani et al.
1999), but also in their anxiety-related behavior (Griebel et al. 1997; Trullas and
Skolnick 1993; Crawley et al. 1997). Specifically, DBA/2 mice are considered
to represent a genetic animal model of hippocampal dysfunction due to their
deficits in spatial memory performance (Thinus-Blanc et al. 1996), while being
indistinguishable from C57BL/6 mice in visually cued tasks (Ammassari-Teule
et al. 1999). As to their anxiety-related behavior, DBA/2 mice are reported to
display high anxiety compared to C57BL/6 mice only in some tests of uncondi-
tioned anxiety (Griebel etal. 1997; Trullas and Skolnick 1993; Rogers et al. 1999).
A recent study using these two inbred mouse strains (Ohl et al. 2003) indicated
an interaction between behavioral and cognitive characteristics comparable
to that found in high- and low-anxiety rats: High anxiety again was paralleled
by an increased cognitive performance. It was, therefore, hypothesized that
the expression of high anxiety might represent a behavioral inhibition that
is cognitively driven. Consequently, cognitive processes should be carefully
controlled, especially when characterizing animal models for anxiety.

2.2
Tests for Unconditioned Avoidance Behavior

Among the most frequently used paradigms are tests for unconditioned anxi-
ety that are thought to be indicative for human generalized anxiety symptoms
(Crawley 1999). In these tests, rodents usually are confronted with a novel envi-
ronment or stimulus, and behavioral patterns related to anxiety (see Sect. 2.1.1)
are measured. In the following, the most commonly used tests for uncondi-
tioned behavior will be briefly described.

2.2.1
Open Field

As a test for unconditioned anxiety, the open field was first described by
Hall (1936), who evaluated the behavior of rats in a circular, brightly lit area
surrounded by a wall. Meanwhile, different types of open fields have been
designed, varying in size, shape (from circular to square), illumination (from
dimly lit to bright illumination), and enrichment (by offering objects or food)
(Fig. 4). Also, the testing procedure differs widely: Testing duration ranges
from 2 min to several hours (Golani et al. 1999) with the most frequent duration
of 5 or 10 min. The standard procedure implies a forced confrontation with the
open field: The animal is placed either in the center or in the periphery of the
area. Inaspecific variation, also referred to as free exploration test, an open field
is connected to the home cage of the animal, which is then permitted free access
to the novel environment (Kopp et al. 1997). The avoidance behavior towards
the unprotected area is the indicator for anxiety. Investigations of behavioral
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Fig.4 Example of an open field set-up which, in this case, consists of white polyvinyl chloride
(PVC) and is evenly lit

patterns related to anxiety are sometimes used to gain further information
(Clement et al. 1997; Crabbe 1986; Flint et al. 1995). Although evidence exists
that the open field may be useful in detecting genetic or pharmacological effects
of anxiety (Treit and Fundytus 1989; Prut and Belzung 2003), some studies also
report a lack of sensitivity for anxiety-modulations (Saudou et al. 1994).

2.2.2
Elevated Plus Maze

Probably the most frequently used test for unconditioned anxiety s the elevated
plus maze (EPM), which was first introduced by File and coworkers (Pellow
etal. 1985). The test consists of an elevated, plus-sign-shaped runway with two
opposing arms being closed by walls and the other two arms being open, i.e.,
unprotected (Fig. 5). The animal usually is placed in the center of the EPM,

Fig. 5 Elevated plus maze for mice. While cautiously entering the platform, the mouse
displays risk assessment behavior
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where the four arms cross each other, facing a closed arm. The EPM is based on
the observation that rodents tend to avoid elevated areas (Montgomery 1958),
which, in the case of the EPM, usually are brightly lit in addition. Following
the concept of avoidance behavior in rodents (see Sect. 2.1.1), avoidance of the
open arms is interpreted as anxiety (Lister 1990; Pellow et al. 1985; Rodgers
et al. 1997). Moreover, it has been argued that the EPM also allows investi-
gators to control for locomotor activity, thus representing a reliable test for
anxiety-modulating properties of pharmacological compounds (Belzung and
Griebel 2001; Hogg 1996; Rodgers et al. 1992). The reliability and sensitivity
of this test is increased by using more detailed approaches to analyze rodent
behavior on the EPM, such as including, for example, risk assessment behavior
(Cruz et al. 1994; Griebel et al. 1993; Rodgers and Johnson 1995; Rodgers et al.
1997; Weiss et al. 1998).

223
Dark/Light Box

Making use of the conflict between a rodent’s motivation to explore a novel
environment and its avoidance of brightly lit areas, the dark/light box (also
referred to as light/dark box or black-white box) comprises one aversive (i.e.,
light) and one less aversive (i.e., dark) compartment (Hascoet et al. 2001).
In the original set-up, the dark compartment is smaller than the lit one, and
both compartments are separated by a partition containing an opening (Craw-
ley and Goodwin 1980; Crawley 1999). Later on, modifications were made
in that the two compartments were equal in size and connected by a tunnel
(Belzung and Berton 1997). Transitions between the compartments and time
spent exploring each are interpreted as indicators of anxiety and are sensitive
to anxiety-affecting drugs (Belzung 1999; Chaouloff et al. 1997; Crawley 1999).
As a limitation, it has been reported that dark/light transitions are likely to be
confounded by alterations in general activity (Bourin and Hascoet et al. 2003).
It was suggested that the behavioral expression of decreased anxiety in the
dark/light box might be determined by genetically based spontaneous explo-
ration (Crawley 1999). Again, more complex behavioral analyses can increase
the reliability of measuring anxiety (Rodgers et al. 1992).

2.2.4
The Forced Swim Test

Behavioral alterations induced by stressful experiences frequently include in-
creased anxiety-related behavior. Accordingly, anxiety has been hypothesized
to play a role in stress-coping behavior (Ferre et al. 1994). The most regularly
used tests for stress-coping behavior is the so-called forced swim test, which
has been developed by Porsolt et al. (1977) as a behavioral paradigm to identify
compounds with antidepressant efficacy in humans: Mice or rats are forced to
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swim in a glass cylinder filled with water, preventing the animal from escaping.
The behavior of the animal in this situation is classified in three behavioral
patterns: struggling (interpreted as escape behavior), swimming (mostly in-
terpreted somehow neutrally), and floating (interpreted as despair). During
the first exposure, the animal is thought to learn that it cannot escape the
situation and, consequently, in subsequent tests the time spent immobile is in-
creased. More recently, immobility has been discussed as a successful strategy
that conserves energy and allows the animal to float for prolonged periods of
time, thereby improving its chances of survival (West 1990). Others interpret
floating as adaptive disengagement from the persistent stress and the immo-
bile posture alternates with active escape as part of a search-waiting coping
strategy (Thierry et al. 1984).

Profound evidence exists that the forced swim test and modified versions
(Cryan et al. 2002) have a good predictive validity, especially for antidepressant
drugs (Porsolt et al. 1978). It is, however, an ongoing matter of discussion
whether or not the observed increase in escape-oriented behavior may rather
be secondary to changes in cognitive performance (Montkowski et al. 1995;
De Pablo et al. 1989) or to anxiety-related behavior (Ferre et al. 1994). This
discussion will continue. The argument that genetic factors contribute to the
behavioral performance of rodents in this test—some strains of mice do not
decrease but rather increase immobility after antidepressant treatment (Lucki
et al. 2001)—is attracting increasing attention.

225
The Modified Hole Board: Assessing Dimensions of Behavior

Most of the test procedures described above are predictive of only a small
spectrum of behavioral patterns. Consequently, additional tests are recom-
mended to control for possible confounding factors, e.g., locomotor activity
(Escorihuela et al. 1999; Ohl et al. 2001c). However, testing the same animal in
a multiple test battery is likely to induce interferences between distinct tests
(Belzung and LePape 1994). Studies based on behavioral tests, which are fo-
cused on a more detailed ethological analysis of experimental animals in a sin-
gle complex paradigm, may overcome these disadvantages (Cruz et al. 1994;
Lister 1990; Rodgers et al. 1997; Wilson 2000). The modified hole board (mHB,
Fig. 6) test is based on the concept that the rich behavioral repertoire of ro-
dents can only be displayed in an adequate, i.e., rich, testing environment.
The test essentially comprises the characteristics of a hole board (File and
Wardill 1975; Lister 1990) and an open field test. In the mHB set-up, a hole
board—with all holes covered by a movable lid—is placed in the middle of
a box, thus representing the central area of an open field (Fig. 4). The experi-
mental box is enlarged by an additional compartment where the group mates
of the experimental animal are placed during the test period, being separated
from the test area by a transparent partition. In both rats and mice it was



48 E Ohl

' :

A
3
(protected area) : -

Fig.6 The modified hole board. In the center of the experimental box, i.e., in the unprotected
area, a hole board is placed. The box is enlarged by an additional compartment, where the
group-mates of the experimental animal are placed during testing

demonstrated that the mHB enables the investigator to detect alterations in
awide range of behaviors, including anxiety-related behavior, risk assessment,
exploration strategies, locomotor activity, arousal, social affinity, and cogni-
tion (Ohl et al. 2001b,c, 2002). Although validation in terms of sensitivity and
specificity for pharmacological effects has yet to be extensively worked out,
there is good evidence that anxiolytic effects may be dissociated from seda-
tive effects and general alterations in exploratory behavior by use of the mHB
(Ohl et al. 2001b). In contrast to other behavioral tests, the mHB, due to the
presence of the group mates, avoids isolation stress in experimental animals
during testing, a factor that is well known to affect behavioral performance and
especially anxiety-related behavior (Ohl et al. 2001a). In general, test assays
such as the mHB enable the animal to display a complex behavioral repertoire
that, in combination with careful analysis by a trained observer, offers the
opportunity to also discover subtle and unexpected behavioral effects of novel
treatment strategies.

23
Tests for Conditioned Anxiety

Another behavioral approach used to assess aspects of anxiety in animals re-
lies on conflict paradigms in combination with punishment, mostly induced
by electric foot shock. Due to ethical and also ethological considerations,
paradigms based on electric shock are less often used than tests for uncon-
ditioned anxiety. However, it has been hypothesized that behavioral expres-
sions displayed in tests for unconditioned and conditioned anxiety may reflect
profoundly different aspects of anxiety (File 1995; Griebel 1996; Millan and
Brocco 2003). Thus, shock paradigms are quite frequently included in behav-
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ioral phenotyping procedure used to characterize novel animal models for
anxiety or anxiety-modulating compounds.

The Vogel conflict test (Vogel et al. 1971) has been modified from the Geller-
Seifter test (Geller and Seifter 1960) in that the initially used food reward was
replaced by a water reward. The test is based on an operant conditioning
procedure, where water-deprived animals are given access to a water bottle
during the test situation, but randomly a lick is accompanied by electric shock
(see also Sect. 2.1.3). Anxiolytic effects are indicated by modulation of the
shock-induced suppression of licking (Kopp et al. 1999; Stefanski et al. 1993).

Referred to as a conditioned fear paradigm, the fear potentiated startle re-
sponse was first described by Brown etal. (1951). In the original test, an acoustic
stimulus is presented in the presence of a conditioned stimulus that has previ-
ously been paired with an aversive, unconditioned stimulus. The amplitude of
the acoustic startle response is thought to indicate the degree of conditioned
anxiety, which can be reduced by anxiolytic drugs (Davis et al. 1993; Hijzen
et al. 1995).

3
Animal Models

Comprehensive studies based on rodent models of anxiety have not only un-
derlined that anxiety in itself represents a complex behavioral system but also
that it is determined by both genetic and environmental factors as well as by
the interaction between both. The examples used in this section have been
selected to illustrate both the potential and the caveats of current models and
the emerging possibilities offered by gene technology. These examples are
thought to be representative of the different concepts followed in generating
animal models.

3.1
Genetically Based Animal Models of Anxiety

3.1.41
Selectively Bred Rat Lines

Animal models based on genetic selection are intended to model the genetically
based susceptibility known to be one risk factor for the development of anxiety
disorders. Animal models of high innate anxiety, gained by selective breeding,
are valuable tools since these animals do not exhibit pathological anxiety due
to stress exposure (see also Sect. 3.2); instead, the anxiety is the result of
an enduring feature of a strain or an individual, probably involving multiple
genetic and environmental factors. Studies on selective breeding of rats began
already some 80 years ago, when Edward C. Tolman selected rats for their
learning capacities (1924). Several years later, Calvin Hall initiated the first rat
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breeding lines selected for emotionality (1938). In the following section, some
still-existing and available selectively bred rat lines for emotionality will be
introduced.

3.1.141
The Maudsley Strains

Selected for differences in their defecation rate when exposed to the open-field
test (see Sect. 2.2.1), the Maudsley reactive and non-reactive strains represent
the eldest, still-available selection strain (Broadhurst 1960). By some authors,
these rat strains are reported to represent a model for high and low emotional-
ity, respectively (Berrettini et al. 1994; Ahmed et al. 2002). Other investigators
found the Maudsley strains to differ only in some tasks reflecting emotionality
(Overstreet et al. 1992). Questioning the face validity of the Maudsley strains
as an animal model for anxiety, no strain differences were found in terms
of endocrine response to a variety of stimulating conditions such as forced
swimming or foot shock (Blizard and Adams 2002). Notably, alterations in
the activation of the central noradrenergic system were found in response to
stress, being correlated to the strain differences in open field defecation rates
(Blizard et al. 1982; McQuade and Stanford 2001). Surprisingly, in these studies
non-reactive rats had a greater concentration of noradrenaline than reactive
rats (Blizard et al. 1982), indicating a lower emotionality of the latter strain.
From these results it was hypothesized that the higher release of noradrenaline
during exposure to the open field may result in an inhibition of colonic motil-
ity and, thus, a lower defecation rate. In summary, while the Maudsley strains
undoubtedly are of high use to study, for example, environmental influences
on distinct behavioral characteristics, they are unlikely to represent an animal
model for anxiety in general.

3.1.1.2
Roman High- and Low-Avoidance Rats

Already several decades ago, twolines were selected by Broadhurst and Bignami
(1965) from Wistar rats, which showed either good or bad performance in
atwo-way active avoidance task. These ratlines were called Roman high- (RHA)
and low- (RLA) avoidance rats and have been extensively evaluated in terms of
behavioral and neurocrine/neurochemical parameters. Corresponding to the
fact that performance of active avoidance tasks strongly depends on emotional
factors (Driscoll and Bittig 1982; Escorihuela et al. 1999; Fernandez-Teruel
etal. 2002), RLA rats have been shown to be highly emotional and more passive
in their coping strategy compared to RHA rats (Ferre et al. 1994; Gentsch et al.
1982). Moreover, the endocrine response to stressful situations is increased
in RHA rats compared to their RLA counterparts (Steimer et al. 1998; Walker
et al. 1989). These differences between RHA and RLA rats are hypothesized
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to have a genetic basis (Castanon et al. 1994, 1995), determining a specific
sensitivity to environmental factors (Steimer et al. 1998). Notably, differences
in a variety of additional behavioral and cognitive processes are described for
the two rat lines, such as reduced locomotor activity and exploration (Corda
et al. 1997; Giorgo et al. 1997), as well as better spatial learning and memory
performance (Escorihuela et al. 1995) in highly emotional RLA rats. Thus,
although representing an interesting animal model for a complex behavioral
trait, including altered emotional reactivity, the face value of RLA rats as
a model for anxiety or mood disorders is difficult to assess.

3.1.1.3
The Flinders Sensitive Rats

At Flinders University in Australia, two other lines of rats were developed
in the late 1970s (Overstreet et al. 1979) by selective breeding for differences
in the hypothermic response to the cholinesterase inhibitor diisopropylfluo-
rophosphate. This approach aimed at reversing the order of questions asked
by typical selective breeding programs; it chose a physiological response to
specific pharmacological agents as the selection criterion. Only afterwards
did behavioral alterations enter the evaluation in order to identify possible
anxiety-related or depressive-like characteristics. From a number of various
findings it was concluded that the Flinders sensitive line, being hypersensitive
to cholinergic agonists, may rather represent an animal model of depression
more than anxiety disorder, because these rats exhibit several symptom pat-
terns of depression, such as reduced locomotor activity, reduced body weight,
increased rapid eye movement (REM) sleep, and cognitive (learning) deficits
(Overstreet 1993). However, evidence that cholinergic hypersensitivity might
be the leading cause of depression is limited, and this hypothesis is further
to be questioned by the therapeutic efficacy of new antidepressants lacking
anticholinergic properties. Notably, Flinders sensitive line rats show exagger-
ated immobility in the forced swim test (see Sect. 2.2.4) and this behavior
returns to normal after treatment with antidepressants, including those with-
out anticholinergic effects (Overstreet et al. 1995). This in turn is of interest
in connection with recently reported changes in serotonergic activity in these
animals (Zangen et al. 1997).

3.1.14
Hyperanxious Rats

One recent selectively bred rat line is the rat model of high and low anxiety-
related behavior, developed by Landgraf and colleagues (Liebsch et al. 1998).
Wistar rats displaying either extremely high (HAB) or low (LAB) anxiety-
related behavior on the elevated plus maze (see Sect. 2.2.2) were selected and
bred over a decade (Liebsch et al. 1998). The resulting two rat lines distinctly
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differ in their inborn emotionality, which has been shown in detailed ethologi-
cal studies (Henniger et al. 2000; Ohl et al. 2001b,c). Moreover, rats with high or
low levels of anxiety-related behavior show marked differences in their stress-
coping strategies and their neuroendocrine susceptibility to stressors in that
rats with high levels of anxiety-related behavior displayed an enhanced stress
hormone release when stressed (Landgraf et al. 1999). This may be interpreted
as a dysregulation of the stress hormone system, the hypothalamus-pituitary-
adrenocortical (HPA) system, which also occurs in the majority of patients
suffering from depression (Holsboer 2000). The predictive validity of this rat
model was shown in a variety of preclinical studies (Liebsch et al. 1998; Keck
et al. 2001a,b, 2002, 2003; Landgraf and Wigger 2002). It may also be assumed
that this model possesses construct validity regarding anxiety-related disor-
ders and maybe regarding depression, although the effectiveness of classical
antidepressants has to be studied further. Recently, the first molecular genetic
approaches were performed in high and low anxiety rats, revealing single
nucleotide polymorphisms in the vasopressin promoter area of these strains
(Landgraf and Wigger 2002). These results underline the potential value of se-
lectively bred rat lines for the identification of genetic determinants underlying
anxiety.

3.1.2
Inbred Mouse Strains

During the past 90 years, starting from when the first inbred mouse strains
were being described, this species has become an organism of choice for
modeling human diseases. More than 450 inbred strains of mice are available
now, representing a variety of genotypes but also phenotypes. Thus, in the
search for animals models of anxiety disorders, inbred mouse strains are an
interesting resource.

As an example, the two inbred mouse strains C57BL/6 and BALB/c have
been shown to differ in their behavior in several tests of unconditioned anxi-
ety (Belzung et al. 2000; Griebel et al. 2000; Kopp et al. 1999; Rogers et al. 1999;
Trullas and Skolnick 1993). Thus, these mouse strains may represent a possible
parallel to the high and low anxiety rats (see Sect. 3.1.1). However, perusing
literature, the findings seem to be contradictory. Although differences in terms
of anxiety are consistently reported for these two strains, the rank order of
their level of anxiety varies between different tests and studies. While C57BL/6
mice were found to be more anxious than BALB/c in the elevated plus maze,
opposite results were found in the open field in the same study (Avgustinovich
etal. 2000). Rogers et al. (1999) also reported that BALB/c displayed the lowest
level of anxiety compared to five other mouse strains including C57BL/6 in
the elevated plus maze. In the more complex modified hole board test the two
strains fail to demonstrate profound differences in terms of classical parame-
ters of anxiety-related behavior, i.e., no avoidance at all of an unprotected area
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(Ohl et al. 2001a). Still, BALB/c mice displayed significantly more risk assess-
ment behavior and showed a higher arousal than C57BL/6 mice. Interestingly,
the paths taken by the two strains show that those parameters indicating avoid-
ance behavior are without relevance because of differences in the exploratory
strategy of these strains. C57BL/6 mice perform a pronounced thigmotaxis
by first walking along the wall, and only later do they enter the unprotected
area; in contrast, BALB/c mice rarely display any avoidance behavior towards
the unprotected area but tend to build a pronounced home base (Golani et al.
1999) near the starting point, which may be either within the protected or
unprotected area (see Fig. 3). When using anxiety tests based on the avoidance
of aversive areas, the BALB/c strain, consequently, is of limited use as animal
model for increased anxiety.

DBA/2 mice have also been suggested to represent an opposite extreme in
terms of emotionality in comparison to the C57BL/6 strain (Griebel et al. 2000;
Trullas and Skolnick 1993; Crawley et al. 1997; Rogers et al. 1999). And again,
studies on the anxiety-related behavior in these mouse strains showed con-
tradictory results. The findings ranged from DBA/2 mice being less anxious
(elevated plus maze: Trullas and Skolnick 1993), to both strains being indis-
tinguishable (elevated plus maze: Griebel et al. 1997), and to C57BL/6 mice
being less anxious (elevated plus maze: Rogers et al. 1999). The same holds
true for different tests of unconditioned behavior, such as the dark/light box

Avoidance behavior Risk assessment
12 Time in 12 Entries into 6 Stretched attends
unprotected area unprotected area
8 4 |
*
4 2
0 0
% BL6 DBA nr BL6 DBA nr BL 6 DBA
Directed exploration Locomotion General exploration
30 Holes visited 120 Line crossings 30 Reariims box
1 I
20 80 ¥ 20
*
10 40 10
0 0 0
nr BL6 DBA nr BL 6 DBA nr BL6 DBA

Fig. 7 Results from behavioral testing in the modified hole board (see Sect. 2.2.5). While
DBA/2 mice (DBA) display a more pronounced avoidance behavior towards an unprotected
area as well as more risk assessment behavior than C57BL/6 (BL6) mice, no differences in
term of general exploration and locomotion are found in these strains. Therefore, these
strains can be considered to represent an interesting model for high and low anxiety
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(Crawley et al. 1997; Griebel et al. 1997) and for other behavioral dimensions,
such as locomotor activity (Griebel 1997; Rogers et al. 1999). In the modified
hole board test, DBA/2 mice proved to be more anxious than C57BL/6 mice by
performing a pronounced avoidance behavior towards the unprotected area
and an increased risk assessment behavior. Importantly, the two strains did
not differ in terms of locomotor activity or general exploration, suggesting
that differences between DBA/2 and C57BL/6 in anxiety-related behavior are
not secondary to characteristics in general activity (Fig. 7). These findings
strongly point towards the idea that C57BL/6 and DBA/2 mice represent low
and high anxiety strains, respectively.

These examples underline that in the search for animal models of anxiety
disordersitis notsufficient to screen for anxiety-related behavioral characteris-
tics. On the contrary, it is of fundamental importance to phenotype extensively
and carefully each potential animal model, even the well-established inbred
mouse strains.

3.1.3
Genetically Engineered Mice

The traditional routes to animal models of mood disorders have recently been
expanded by the possibility of studying mice with behavioral changes that are
not experience-related, but are secondary to the insertion of a transgene or to
a targeted disruption of a single gene, thus potentially allowing consideration
of behavioral effects that are mediated by distinct genes (Jaenisch 1998; Gerlai
1996; Holmes 2001; Holsboer 1997; Picciotto 1999; Wurst et al. 1995). In recent
years, several methods have emerged to alter the mouse genome in a direct or
“reverse” genetic manner, presenting a new molecular approach to behavior.
Reverse genetics refers to a set of techniques such as transgenesis and gene
targeting in which a single cloned gene is used to generate a line of mice with
an alteration specifically in that gene. Genetically engineered mice were not
originally generated to produce animal models with face validity for psychiatric
disorders, but rather to delineate the role of a specific gene product for the
behavioral phenotype (Miiller and Keck 2002).

For more than 40 years, the most frequently used anxiolytic compounds
have been benzodiazepines. Benzodiazepine agonists such as diazepam act via
modulation of y-aminobutyric acidergic (GABAergic) transmission at GABA o
receptors (see chapter by Duman and Duman, this volume), which consist of
about 20 subunits. Several mutant mice with deletions of different subunits
have been engineered (Holmes 2001) and most of these mutants perform
altered anxiety-related behavior, thus emphasizing the intimate link between
benzodiazepine receptors and anxiety.

Another major focus of interest for the investigation of anxiety disorders is
the monoamine neurotransmitter serotonin (5-HT; see also chapter by Mohler
etal., this volume) because of reduced levels of 5-HT receptors found in patients
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suffering from anxiety and mood disorders (Toth 2003) and mostly because
of the effectiveness of 5-HT re-uptake inhibitors in the treatment of anxiety
disorders (Argyropoulus et al. 2000). Consequently, mouse models with geneti-
cally modified functions of the 5-HT system have been engineered. Nowadays,
several 5-HT receptor subtypes are known, and knocking out one of these
subtypes produces quite specific behavioral phenotypes. While the 5-HT,¢
receptor has been shown to regulate feeding behavior (Tecott et al. 1995),
the 5-HT;p knock-out mouse shows an altered emotional learning (Dulawa
et al. 1997). More recently, the 5-HT;5 receptor has been knocked out by
three independent research groups each of them using a different genetic
background mouse strain and, notably, all three knock-out lines displayed in-
creased anxiety-related behavior under stressful conditions compared to the
respective background strain (Gingrich and Hen 2001; Olivier et al. 2001).
Taking into account the central role of the HPA-axis for the regulation of
anxiety, a variety of genetically altered mice has been developed, aimed at tar-
geting the hormonal stress system (Miiller and Keck 2002; Sillaber et al. 2002;
Stenzel-Poore et al. 1992; Timpl et al. 1998). These models are described exten-
sively in the chapter by Keck and Miiller and will, therefore, be omitted here.

3.1.4
ENU-Mutagenized Mice: The “Phenotype-Driven” Approach

Although a large number of knock-out mutants will be engineered in the
future, genetic analysis requires the availability of multiple alleles of the same
gene or of different genes involved in the pathogenesis of the same disease,
including hypomorphs, alleles of different strength, and gain of function alleles.
Such alleles can be obtained after treatment with chemical mutagens, such as
ethyl-nitrosourea (ENU), which is suggested to be the most powerful mutagen
in mice. In contrast to, for example, radiation, ENU primarily induces point
mutations (Balling 2001). The injection of ENU in a male mouse mutagenizes
premeiotic stem cells,leading to alarge number of F1 animals carrying different
mutations.

Complementary to the “gene-driven” analysis of gene function, “phenotype-
driven” approaches can be performed and may be equally important. Large-
scale mutagenesis represents a possible way to create animal models that ap-
proximate the underlying genetic etiology. The success of this approach was
demonstrated by the genetic and molecular dissection of the pathways that
set-up the Drosophila body pattern (Lee et al. 1989). In the meantime, muta-
genesis screens have also been carried out in mice (Balling 2001; Brown and
Balling 2001; Brown and Hardisty 2003; Hrabe de Angelis et al. 2000; Nolan
et al. 2000).

Using alarge-scale screening procedure for behavioral phenotyping in mice,
the first behavioral screenings in ENU-mutagenesis mice demonstrated that
it is possible to reliably identify and dissociate mutants with alterations in
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Fig. 8. Avoidance behavior towards an unprotected area displayed by the offspring of mice
treated with the mutagen ethyl-nitrosourea (ENU). The behavior of the offspring is com-
pared to a mean value calculated from the genetic background strain. Mice differing more
than 2.75 SDs from the mean value (indicated by circles) are considered to be potential mu-
tants and, after confirmation of the phenotype, are selected as founders for a ENU-mutant
line

distinct behavioral dimensions. For example, ENU-mice have been found that
performed an increased or decreased anxiety-related behavior (Fig. 8), while
being inconspicuous regarding other behavioral patterns. A well-known exam-
ple of this technique was given by the identification of the Clock gene based on
studies performed in the mid-1990s (Vitaterna et al. 1994; Antoch et al. 1997).
These findings gained fundamental insights into the molecular mechanisms
underlying mammalian circadian rhythms, thus emphasizing the power of the
phenotype-driven approach.

3.2
Experience-Related Models of Altered Emotionality

There exists a broad spectrum of anxiety disorders. These disorders are known
to have a high comorbidity between each other. In addition, mood disorders
(especially) are often accompanied by symptoms of altered anxiety (Holsboer
1999; Nesse 1999; Ramos and Mormede 1998; Reul and Holsboer 2002). Anxi-
ety disorders and depression have been classified as separate types of disorders
for decades. This view is under discussion now (Nemeroff 2002), because the
efficacy of major psychotropic drugs is known for the treatment of both anx-
iety and mood disorders. Moreover, anxiety and depression share at some
points a common pathophysiology (Holsboer 1995) and there is increasing
evidence that both disorders share a common genetic background (Kendler
2002). Therefore, animal models conceptualized to elucidate mechanisms un-
derlying depression often show altered anxiety-related behavior (Henn et al.
1993; Miiller and Keck 2002), thus making them of high use to assist us in
gaining new insights into the genetics and neurobiology of anxiety.
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3.2.1
Early Life Stressors

Adversity in early life has been recognized as a fundamental factor determining
susceptibility to psychiatric disorders in adulthood. To model this condition,
investigators have administered stressors, such as maternal deprivation to
newborn rats or mice and followed them throughout adulthood. These ani-
mals were frequently found to display increased anxiety-related behavior and
also to be more vulnerable to stress (Dirks et al. 2002; Schmidt et al. 2002).
Separation models are also used in nonhuman primates, species that, due to the
evolutionary proximity to humans, seem to be particularly suited to provide
insights into the biobehavioral underpinnings of emotionality. Infant mon-
keys respond to maternal separation with agitation, sleep disturbances, and
altered emotionality that is interpreted as “despair” (Hinde et al. 1978; McKin-
ney and Bunney 1969). Studies by many laboratories have also suggested that
“depressive” responses during “despair” can be predicted by the amount of
stress hormones released immediately following separation. The link between
the stress hormone system and anxiety and depression-like behavior (see
also Merikangas and Low, this volume) has been studied extensively (Coplan
etal. 1993; Kalin et al. 1989). Infant monkeys with elevated levels of central ner-
vous corticotropin-releasing hormone (CRH) developed a phenotype similar
to the “behavioral despair” produced by maternal separation. This interesting
finding is seen as further support for the causal role of exaggerated production
and release of CRH, which is thought not only to activate the stress hormone
system but also to coordinate the behavioral and vegetative responses to stress.
According to the neuroendocrine hypothesis, if the balance between stress-
related elevation of CRH and corticosteroid-induced suppression is severely
disturbed, anxiety is increased and depression develops (Holsboer 2000). If
this animal model is applicable to humans, the conclusion can be drawn that
early stressors such as neglect or abuse lead to persistent elevations of CRH,
rendering an individual vulnerable to depression, anxiety, or both.

3.2.2
Chronic Mild Stress

The chronic mild stress (CMS) model is based on the finding that rodents
are highly vulnerable to variable, i.e., unpredictable stress. After exposure
to changing stressors, such as changing housing conditions, loud noise, or
constant bright light, for 2 to 3 weeks, rats show a number of long-lasting
behavioral changes that are similar to depressive symptoms. These include
not only changes in psychomotor behavior, as evidenced by reduced open
field activity, but also increased anxiety, and a reduced sensitivity to rewards
(interpreted as anhedonia), such as a decrease in the consumption of sucrose
solution in comparison to tap water (Willner etal. 1992), both being interpreted
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as core features of depression. The finding of reduced reward-sensitivity was
supported by studies using intracranial self-stimulation (Moreau et al. 1992),
which showed that CMS causes an increase in the threshold current required
to perform intracranial self-stimulation. Place conditioning studies showed
that CMS also attenuates the ability to associate rewards with a specific en-
vironment, suggesting that CMS causes a generalized decrease in sensitivity
to rewards and reflects anhedonia (for review see Willner 1997). Recently, the
group led by Willner could show changes in REM sleep, including a reduced
latency to the onset of the first REM period (Cheeta et al. 1997) after 21 days of
CMS, a phenomenon that is common in depression. Notably, the specific stress
schedule used as well as the choice of strain might be very critical, as some
groups report problems of replication (Nielsen et al. 2000). Nevertheless, the
predictive validity of the CMS paradigm can be stated as an established fact
because long-term treatment with various antidepressants reverses sucrose
intake to initial levels.

3.23
Learned Helplessness

Unpredictability also is a central feature in the concept of learned helpless-
ness. This concept, using uncontrollable shock, was introduced by Overmier
and Seligman (1967) and is based on the observation that animals exposed
to an invariable stressor such as electric foot shock, which, due to the ex-
perimental set-up, is uncontrollable in nature, developed behavioral deficits.
As first shown by Weiss (1968), rats exposed to uncontrollable shock showed
significant weight loss due to decreased food and water intake. Moreover, these
animals spent more time immobile in the forced swim test, and they revealed
altered sleep patterns as well as a weakened response to previously rewarding
brain stimulation, i.e., anhedonia (Henn et al. 1985; Weiss 1991). Importantly,
these changes are not seen in animals that receive the same shocks but can
exert control over their duration.

Seligman and Beagley (1975) linked the behavioral consequences of un-
controllable shock in rats to the clinical condition of depression, and because
patients with depression also have feelings of helplessness, the term “learned
helplessness” was coined for this response in animals. Other investigators have
argued that it is extremely difficult, if not impossible, to prove the existence
of feeling of helplessness as a cognitive response to external events in rats
(Weiss 1980; Anisman et al. 1991). A more pragmatic interpretation is that
the depression-like symptoms resulting form uncontrollable shock are stress-
induced and the observed behavioral changes, including deficits in learning
ability, are secondary to increased anxiety. It also remains unclear whether
“learned helplessness” is a behavioral process characterizing depressed people
(Gilbert and Allan 1998). Only a fraction of healthy normal humans develop
symptoms of depression when exposed to uncontrollable stress, which also
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applies to healthy rats, as only 10%-15% of them develop this syndrome under
these circumstances.

4
General Conclusions

In looking at the different animal models for anxiety, two questions are of
central importance: (1) Do these animal models display predictive, face, and
construct validity? (2) Are there reliable test assays to evaluate anxiety in
animals? From the examples given above, which are not to be considered as
being exhaustive but representative, the reply may be Yes. However, there also
are some caveats that should be taken into account when working with animal
models and test assays for anxiety.

To investigate mechanisms underlying pathological variants of anxiety, se-
lectively bred rat lines have been demonstrated to be of high importance.
Following this concept for several decades now, scientists were able to fun-
damentally increase the knowledge about neuronal and hormonal circuits
involved in the regulation of distinct behavioral characteristics. Moreover, se-
lectively bred rat lines have been proved to offer a good predictive validity
in screening for potential anxiolytic and also antidepressant pharmaceutical
drugs. Although some promising results have been obtained in the search of
genetic determinants underlying altered anxiety in such rat lines, one should
be aware of the fact that the selection of complex behavioral traits includes the
possibility to accidentally co-select factors independent from anxiety.

In general, the same holds true for inbred mouse strains, which represent the
prime organism of choice for modeling human disease. A variety of mice strains
are available and some of them have been shown to display extremely different,
probably genetically controlled, anxiety-related behavior. Thus, it has been hy-
pothesized that, for example, the measurement of global gene expression pro-
files by use of DNA micro-arrays in combination with quantitative trait locus
identification may be a promising strategy to identify genes underlying human
diseases. However, it is of note that tremendous differences regarding the be-
havioral phenotype of inbred mouse strains occasionally are reported, pointing
towards the need for standardized phenotyping assays and procedures.

This latter topic has been under discussion among behavioral pharmacolo-
gists already for quite some time, but during recent years it has become a focus
of attention in the whole field of biomedical research, for example because
of difficulties in reproducing behavioral phenotypes in knock-out mice. One
strategy in developing more standardized behavioral tests is to automate estab-
lished test set-ups. As already pointed out in Sect. 3.1.1, such automation risks
causing a lack of sensitivity, since subtle behavioral alterations may remain
undetected, and yet-unknown behavioral patterns are likely to go unrecog-
nized. Another approach is to establish home cage phenotyping assays that



60 E Ohl

may become of high use especially for the dissociation of behavioral traits and
states. Independent from the test assay used, behavioral parameters and their
analysis remain most critical. Profound evidence exists that complex analyses
based on ethological observation are necessary to realize a high reliability and
sensitivity with behavioral assays.
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Abstract The relative contribution of genetic and environmental factors in the configuration
of behavioral differences is among the most prolonged and contentious controversies in
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intellectual history. Although current views emphasize the joint influence of genes and
environmental sources during early brain development, the physiological complexities of
multiple gene-gene and gene-environment interactions in the developmental neurobiology
of fear and anxiety remain elusive. Variation in genes coding for proteins that control
serotonin (5-hydroxytryptamine, 5-HT) system development and plasticity, establish 5-
HT neuron identity, and modulate 5-HT receptor-mediated signal transduction as well as
cellular pathways have been implicated in the genetics of anxiety and related disorders. This
review selects anxiety and avoidance as paradigmatic traits and behaviors, and it focuses
on mouse models that have been modified by deletion of genes coding for key players of
serotonergic neurotransmission. In particular, pertinent approaches regarding phenotypic
changes in mice bearing inactivation mutations of 5-HT receptors, 5-HT transporter, and
monoamine oxidase A and other genes related to 5-HT signaling will be discussed and
major findings highlighted.

Keywords Serotonin - Gene - Polymorphism - Knockout - Anxiety - Aggression -
Neurodevelopment

1
Introduction

Along the nature-nurture continuum in behavioral sciences, the relevance of
both genetic and environmental factors for anxiety-related traits as well as
anxiety disorders is now widely acknowledged (Lesch 2003; Lesch et al. 2002).
It is no longer controversial whether nature or nurture shapes complex traits
and associated behavior but how genetic and environmental factors interact in
the configuration of a behavioral phenotype during early brain development.
An increasing body of evidence suggests that genetically driven variability of
expression and function of proteins that regulate the function of brain neuro-
transmitter systems (e.g., receptors, ion channels, transporters, and enzymes)
is associated with complex behavioral traits. A complementary approach to
genetic studies of anxiety and related disorders in humans involves investiga-
tion of genes and their protein products implicated in the brain neurocircuitry
of fear and anxiety in animal models (Finn et al. 2003; Lesch 2001a).

In addition to genetic approaches, behavioral, functionalimaging, and phar-
macological studies 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 represent internal
emotional states and are natural adaptive consequences of stress that help to
cope with the stressor. However, unlike the relatively mild and brief anxiety
responses resulting from a stressful event, anxiety disorders, including gen-
eralized anxiety disorder (GAD), panic disorder (PD), post-traumatic stress
disorder (PTSD), and obsessive-compulsive disorder (OCD) are dysfunctional,
chronic, persistent, and can grow progressively worse if not treated.
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Anxiety in rodents is defined as a high level of avoidance of novel and
unfamiliar environment and increased fear reaction (Finn et al. 2003; Weiss
et al. 2000). Other components such as autonomic activation, increased stress
reactivity, and neuroendocrine abnormalities are an integral part of anxi-
ety responses. The design of an anxiety-like phenotype in mice partially or
completely lacking a gene of interest during all stages of development (con-
stitutive 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 targeted inactivation of key players of the
serotonergic gene pathway have been able to confirm what has already been
anticipated based on pharmacological studies with serotonin system selective
compounds. In other instances, studies in knockout (KO) mice have changed
views of the relevance of serotonin (5-hydroxytryptamine, 5-HT) homeostasis
in brain development and plasticity as well as processes underlying emotional
behavior.

Molecules suspected to mediate emotionality are commonly derived from
hypothesized pathogenetic mechanisms of an anxiety disorder or from obser-
vations of therapeutic response. Above all, molecular components of neural
circuits mediating the effects of the 5-HT system, and which appear to be in-
volved in anxiety-like behavior of KO mice, are being identified at a steady rate,
thus leading to new candidate genes of presumed pathophysiological pathways
for genetic evaluation in humans. Here, I describe fundamental aspects of
the genetics of anxiety-related traits and emotional responses. A thorough
appraisal of behavioral and physiological consequences in mice with genetic
manipulation of the serotonergic pathway is also provided. Finally, I will em-
phasize conceptual issues in the search for candidate genes for anxiety and for
the development of mouse models of anxiety disorders.

2
Anxiety-Like Behavior in Knockout Mice

Recent advances in gene targeting (constitutive or conditional KO/knockin
techniques) are increasingly impacting our understanding of the neurobiolog-
ical basis of anxiety- and depression-related behavior in mice (Lesch 2001a).
However, the majority of neural substrates and circuitries that regulate emo-
tional processes or cause anxiety disorders remain remarkably elusive. Among
the reasons for the lack of progress are several conceptual deficiencies regard-
ing 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 consensus on clinical phenotypes or categories further com-
plicates the development of mouse models for specific anxiety disorders. In
addition, human anxiety disorders encompass not only the behavioral trait
of inappropriate fear but also the cognitive response towards this disposition.
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This response, however, is substantially modulated by environmental factors
including cultural determinants such as rearing and education as well as so-
ciocultural and socioeconomic context. Investigations on the neurobiological
basis of anxiety disorders therefore rely on the accurate dissection of behav-
ioral dysfunctioning from other factors. The dilemma that no single paradigm
mimics the diagnostic entities or treatment response of anxiety disorders may
reflect the fact that current classification systems are not based on the neuro-
biology of disease, rather than being the result of the failure to develop valid
mouse models.

Various approaches have been employed to detect and quantify “anxiety-
like” behaviors in mice, and the majority postulates 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 physi-
ological and behavioral paradigms (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 occasion-
ally and rear up, sniffing the walls and the floor. They initially spend very little
time in the open center of the area. If they have a choice, they will spend more
time in a dark than in a brightly lit area (“light-dark box™). Rodents will also
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 delim-
ited area into another, they often engage in a type of stretching-out behavior.
Anxiety-like behavior often appears to contrast with exploratory behavior, in-
dicating that avoidance and curiosity or novelty seeking are biologically related
and share common physiological mechanisms.

While substantial similarities between human and murine avoidance, de-
fense, aggression, or escape response exist, it remains obscure whether mice
also experience subjective anxiety and associated cognitive processes similar
to humans or whether defense responses or aggressiveness represent patho-
logical expression of anxiety in humans. In general, pathological anxiety may
reflect an inappropriate activation of a normally adaptive, evolutionarily con-
served defense reaction. It should therefore be practicable to elucidate both
physiological and pathological anxiety by studying avoidant and defensive be-
havior in mice using a broad range of anxiety models to ensure comprehensive
characterization of the behavioral phenotype.

3
Functional Neuroanatomy of Emotionality: Focus on the Serotonin System

A neural circuit composed of several regions of the prefrontal cortex, amyg-
dala, hippocampus, medial preoptic area, hypothalamus, anterior cingulate
cortex, insular cortex, ventral striatum, and other interconnected structures
has been implicated in emotion regulation including the associated affective
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phenomena of fear and anxiety (Gorman et al. 2000). Fear and anxiety-related
circuits involve pathways transmitting information to and from the amygdala
to various neural networks that control the expression of avoidant, defensive,
or aggressive reactions, including behavioral, autonomic, and stress hormone
responses. While pathways from the thalamus and cortex (sensory and pre-
frontal) project to the amygdala, inputs are processed within intra-amygdaloid
circuitries and outputs are directed to the hippocampus, brain stem, hypotha-
lamus, and other regions.

Perception of danger or threat are transmitted 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 acti-
vation 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 negative emotionality or impaired sensitivity to social sig-
nals. 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 during arousal and other emotions. Although the brain systems medi-
ating 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 function of this circuitry,
the amygdala-associated neural network is critical to processes of learning to
associate stimuli with events that are either punishing or rewarding.

In humans, non-human primates, rodents, and other mammals, preclinical
and clinical studies have accumulated substantial evidence that serotonergic
signaling is a major modulator of emotional behavior including fear and anx-
iety, as well as aggression, and it integrates complex brain functions such as
cognition, sensory processing, and motor activity. This diversity of these func-
tions is because 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 neurotrans-
mitter 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 individu-
als who are emotionally unstable and stress reactive. Individuals vulnerable
to faulty regulation of emotionality 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
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neurons is controlled by 5-HT s autoreceptors located in the somatodendritic
section of neurons. Release of 5-HT at the terminal fields is regulated by the 5-
HTp receptor. Once released, 5-HT is taken up by the 5-HT transporter located
at the terminals (as well as the somatodendritic fraction) of 5-HT neurons,
where monoamine oxidase A eventually metabolizes it. The action of 5-HT as
amessenger is tightly regulated by its synthesizing and metabolizing enzymes,
and the 5-HT transporter. It is therefore likely that modification or removal of
one of these components affects extracellular levels of 5-HT.

Serotonergic raphe neurons diffusely project to all brain regions impli-
cated 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 is, 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, dif-
ferentiation, and synaptogenesis (Azmitia and Whitaker-Azmitia 1997; DiPino
et al. 2004; Gaspar et al. 2003; Lauder 1993).

3.1
Serotonin Receptors

Some 14 different 5-HT receptors confer the effects of 5-HT upon neuronal or
other cells. Pharmacological classification based on studies of ligand binding
to receptor subtypes and of signal transduction pathway responses to ago-
nists/antagonists were traditionally employed to delineate four 5-HT receptor
subfamilies, 5-HT_4. Gene identification efforts have eventually not only vali-
dated this classification but also uncovered the existence of several novel 5-HT
receptor subtypes (5-HT1g/p, 5-HT34/8, 5-HT5a/8, 5-HTs, and 5-HT7) (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-HT4-p re-
ceptors contain no intronic sequences. The 5-HT5p, 5-HT4, 5-HT¢, and 5-HT7
receptors are alternatively spliced and RNA editing of the 5-HT, receptor sub-
type in the second intracellular loop has been reported to confer differential
receptor properties. A genetic 5-HT 5 receptor variant, Gly22Ser, shows differ-
ences in agonist-induced downregulation compared with the wildtype 5-HT 14
receptor allele, thus increasing the complexity of naturally occurring 5-HT
receptor structural variants. The challenge now is to identify the physiologi-
cal impact of these gene products, establish their specific functionality with
respect to distinct neurocircuits of emotion regulation, design selective ag-
onists/antagonists, and determine potential therapeutic application of these
novel compounds.

The molecular characterization of different 5-HT receptor subtypes has
simplified the elucidation of gene transcription, mRNA processing, and trans-
lation as well as intracellular trafficking and posttranslational modification rel-
evant to synaptic and postreceptor signaling. Transcriptional control regions
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have been cloned for several 5-HT receptor subtypes and functional promoter
mapping data are available for the 5-HTa, 5-HT24, 5-HT¢, and 5-HT3 recep-
tor genes. The analysis of genomic regulatory regions of 5-HT receptor gene
transcription and the modeling of variable 5-HT receptor gene function in ge-
netically modified mice (constitutive and conditional knockout/in) provides
critical knowledge regarding the respective role of these receptors in neurode-
velopment, synaptic plasticity, and behavior (Bonasera and Tecott 2000).

3.1.1
Serotonin Receptor 1A

The 5-HT 5 receptor subtype has long been implicated in the pathophysiology
of anxiety and depression; its role as a molecular target of anxiolytic and an-
tidepressant drugs is well established (Griebel 1995; Griebel et al. 2000; Olivier
etal. 1999). Patients with panic disorder and depression display an attenuation
of 5-HT 4 receptor-mediated hypothermic and neuroendocrine responses, re-
flecting a reduced responsivity of both pre- and postsynaptic 5-HT o receptors
(Lesch et al. 1990b; Lesch et al. 1992). Likewise, a decrease in 5-HT} 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 tempo-
ral lobe and in the raphe of depressed patients elicited by positron emission
tomography (PET) (Drevets etal. 1999; Sargent et al. 2000). Both glucocorticoid
administration and chronic stress, a pathogenetic factor in affective disorders,
have also been demonstrated to result in downregulation of 5-HT ;4 receptors
in the hippocampus in animals (Flugge 1995; Lopez et al. 1998; Wissink et al.
2000). While deficits in hippocampal 5-HT| 5 receptor function may contribute
to the cognitive abnormalities associated with affective disorders, recent work
suggests that activation of this receptor stimulates neurogenesis in the dentate
gyrus of the hippocampus. By using both a mouse model with a targeted abla-
tion of the 5-HT 4 receptor and radiological methods, Santarelli and coworkers
(2003) have provided persuasive evidence that 5-HT; 4 -activated hippocampal
neurogenesis is essentially required for the behavioral effects of long-term
antidepressant treatment with 5 HT reuptake inhibitors.

Intriguingly, downregulation and hyporesponsivity of 5-HT; 4 receptors in
patients with major depression are not reversed by antidepressant drug treat-
ment (Lesch et al. 1990a; Lesch et al. 1991; Sargent et al. 2000), raising the pos-
sibility that low receptor function is a trait feature and therefore a pathogenetic
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 recep-
tor gene (HTR1A) resulting in allelic variation of 5-HT o receptor expression,
is associated with personality traits of negative emotionality including anxiety
and depression (neuroticism and harm avoidance) (Strobel et al. 2003) as well
as major depressive disorder, suicidality, and panic disorder (Lemonde et al.
2003; Rothe et al. 2004).
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5-HTj4 receptors operate both as somatodendritic autoreceptors and as
postsynaptic receptors. Somatodendritic 5-HT5 autoreceptors are predomi-
nantly located on 5-HT neurons and dendrites in the brainstem raphe complex
and their activation by 5-HT or 5-HT;, agonists decreases the firing rate of
serotonergic neurons and subsequently reduces the synthesis, turnover, and
release of 5-HT from nerve terminals in projection areas. Postsynaptic 5-HT o
receptors are widely distributed in forebrain regions that receive serotonergic
input, notably in the cortex, hippocampus, septum, amygdala, and hypotha-
lamus. Their activation results in membrane hyperpolarization and decreased
neuronal excitability. Hippocampal heteroreceptors mediate neuronal inhibi-
tion by coupling to G protein-gated potassium channel subunit 2 (GIRK2)
potassium channels. Physiological responses depend upon the function of
the target cells (e.g., hypothermia, activation of the hypothalamic pituitary
adrenocortical system) (Hamon et al. 1990). Moreover, 5-HT14 receptor ex-
pression is modulated by steroid hormones and 5-HT1-mediated signaling is
an important regulator of gene expression through its coupling to G proteins
that inhibit adenylyl cyclase and through modulation of GIRK2 channels.

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 anxiolytic
effect which correlates with the inhibition of serotonergic neuron firing, de-
crease 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-HT 4 recep-
tor antagonists, such as WAY 100635, increases firing of the serotonergic neu-
rons but exerts no effect on 5-HT neurotransmission or behavior (Olivier and
Miczek 1999), while the combination with selective 5-HT reuptake inhibitors
augments the increases in 5-HT levels in terminal regions.

The converging lines of evidence that receptor deficiency or dysfunction is
involved in mood and anxiety disorders encouraged investigators to genetically
manipulate the 5-HT4 receptor in mice (Table 1) (Heisler et al. 1998; Parks
etal. 1998; Ramboz et al. 1998). Mice with a targeted inactivation of the 5-HT 5
receptor show a complete lack of ligand binding to brain 5-HT;A receptors
in null-mutant (—/-) mice, with intermediate binding in the heterozygote
(+/-) mice. Importantly, a similar behavioral phenotype characterized by
increased anxiety-related behavior and stress reactivity in several avoidance
and behavioral despair paradigms was observed in three different KO mouse
strains (Lesch and Méssner 1999).

3.1.141
Anxiety-Related Behavior

5-HT) A receptor KO mice consistently display a spontaneous phenotype that
is associated with a gender-modulated and gene-dose dependent increase
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Table 1 Mice with inactivation of serotonergic genes displaying an anxiety-like or related

behavioral phenotype

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

Serotonergic

neuron phenotype-

specific genes

5-HT receptor 1A

5-HT receptor 1B
5-HT transporter

TPH 1
TPH2
MAOA

Signal transduction
ACvII

CamKII

GIRK2

nNOS

Developmental
factors

NCAM

Petl
BDNF

Other 5-HT related
systems

tPA

Neurokinin 1 recep-
tor

—

T

Consistent in different

genetic backgrounds

Aggression 1

Stress reactivity
Aggression | 1

Normal 5-HT in brain

Aggression 1
Stress reactivity 1

Offensive aggression 1
Hyperactivity
Impulsivity and ag-
gression 1

5-HT A response 1
GIRK2 1

Aggression 1

*Conditional knockout
Constitutive knockout
+/—, Aggression 1
—/—, Not viable

Gap43, a growth-
associated protein of
growing 5-HT axons |

Serotonergic function 1

Heisler et al. 1998
Ramboz et al. 1998
Parks et al. 1998
Sibille et al. 1999

Brunner et al. 1999

Holmes et al. 2003
Holmes et al. 2002

Walther et al. 2003

Cases et al. 1995
Seif and De Maeyer
1999

Schaefer et al. 2000
Chen et al. 1994
Blednov et al. 2001

Chiavegatto et al.
2001

Delling et al. 2002
Stork et al. 1999

Hendricks et al. 2003

Rios et al. 2001
Lyons et al. 1999

Pawlak et al. 2002

Santarelli et al. 2001

AC VIII, adenylyl cyclase type VIII; BDNE, brain-derived neurotrophic factor; CamKII,
calcium-calmodulin kinase II; GIRK2, G protein-activated inward rectifying potassium 2;
MAOA, monoamine oxidase A; n.d., not determined; NCAM, neural cell adhesion molecule;
nNOS, neuronal nitric oxide synthase; Petl, ETS domain transcription factor; tPA, serine
protease tissue-plasminogen activator (tPA). 1/, Increase/decrease in anxiety-related

behavior. —, No effect.
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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)p receptors, no major neuroadaptational 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/6], and 129/SV
backgrounds, substantiating the assumption that this behavior is an authentic
consequence of reduced or absent 5-HT ;5 receptors. While all investigators
used open field exploratory behavior as a model for assessing anxiety, two
groups confirmed that 5-HT ;4 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 of rodents to prefer
enclosed, dark spaces versus their interest in exploring novel environments.

Activation of presynaptic 5-HT;a receptors provides the brain with an
autoinhibitory feedback system controlling 5-HT neurotransmission. Thus,
enhanced anxiety-related behavior most likely represents a consequence of
increased terminal 5-HT availability resulting from the lack or reduction in
presynaptic somatodendritic 5-HT s autoreceptor negative feedback function
(Lesch and Mossner 1999). Although extracellular 5-HT concentrations and 5-
HT turnover appear to be unchanged in the brain of 5-HT ;4 KO mice on the SW
and 129/SV backgrounds, indirect evidence for increased presynaptic seroton-
ergic activity resulting in elevated synaptic 5-HT concentrations is provided
by the compensatory upregulation of terminal 5-HT release-inhibiting 5-HT;3
receptors (Olivier et al. 2001; Toth 2003). In contrast to 5-HT ;4 KO mice with
a SW or 129/SV background, extracellular 5-HT concentrations were signifi-
cantly elevated in mutant C57BL/6 mice in the frontal cortex and hippocampus
(Parsons etal. 2001). This may reflect alack of compensatory changesin 5-HT;3
receptor and is consistent with findings that C57BL/6 mice are more aggressive
and susceptible to drugs of abuse than many other strains.

Several studies addressed electrophysiological properties of both presynap-
tic serotonergic neurons and postsynaptic hippocampal neurons in 5-HT;a
receptor-deficient mice. A robust increase in the mean firing rate in dorsal
raphe neurons was also reported, although a considerable number of neu-
rons was firing in the normal range and 5-HT release was not altered (Richer
et al. 2002). Moreover, mutant mice showed an absence of paired-pulse inhibi-
tion in the CA1 region and lack of paired-pulse facilitation in the dentate gyrus,
suggesting altered hippocampal excitability and impaired plasticity of the hip-
pocampal network with consequence for cognition, learning, and memory
(Sibille et al. 2000).

This mechanism is also consistent with 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 4 receptor in
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some animal models of anxiety-related behavior. This notion is based, in part,
on evidence that 5-HT; 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 postsynaptic 5-HTjs receptors has been proposed to
elicit anxiogenic 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 receptor is expressed in different brain subsystems, it is
of interest to clarify whether pre- or postsynaptic receptors are required to
maintain normal expression of anxiety-related behavior in mice. With an ele-
gant conditional rescue approach, Gross et al. (2002) illustrated that expression
of the 5-HTj4 receptor in the hippocampus and cortex but not in the raphe
nuclei is required to rescue the behavioral phenotype in KO mice. The findings
indicate that deletion of the 5-HT 4 receptor in mice, specifically in forebrain
structures, results in a robust anxiety-related phenotype and that this pheno-
typein 5-HT; 4 KO miceis caused by the absence of the receptor during a critical
period of postnatal development, whereas inactivation of 5-HT14 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 development of neurocircuits
mediating emotion (Di Pino et al. 2004; Lesch 2003). Although there is con-
verging evidence that the 5-HT;4 receptor mediates anxiety-related behavior,
the neurodevelopmental mechanism that renders 5-HT;, receptor-deficient
mice more anxious is highly complex and remains to be elucidated in detail.

While increased 5-HT availability and activation of other serotonergic re-
ceptor subtypes that have been shown to mediate anxiety (e.g., 5-HTy¢ re-
ceptor) may contribute to increased anxiety in rodent models, multiple down-
stream neurotransmitter pathways or neurocircuits, including y-aminobutyric
acidergic (GABAergic), noradrenergic, glutamatergic, and peptidergic trans-
mission, as suggested by overexpression or targeted inactivation of critical
genes within these systems (Lesch 2001a), have been implicated as participat-
ing 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 autonomic 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 behavior, 5-HT;4 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
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(Heisler et al. 1998; Parks et al. 1998; Ramboz et al. 1998). The autonomic
manifestation 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 corticosterone) is also a characteristic of 5-
HT;a 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 nega-
tive feedback regulation or enhanced 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 4 receptor-deficient mice in various stress-
related paradigms is more consistent with increased emotionality, their be-
havior essentially corresponds with the performance of rodents treated with
antidepressants. The role of 5-HT 5 receptors in the therapeutic action of an-
tidepressant drugs has attracted extraordinary interest; there is substantial
conflicting evidence, however, regarding the involvement of other seroton-
ergic receptor subtypes and neurotransmitter systems or neurocircuits that
interact with 5-HT neurotransmission. Electrophysiological studies in rats
indicate that each class of antidepressant enhances 5-HT neurotransmission
via differential adaptive changes in the 5-HT;4 receptor-modulated 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) 4 responsivity 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 neuroad-
aptive mechanism of the antidepressant action of tricyclics or selective 5-HT
reuptake inhibitors is exceedingly complex, as the onset of clinical improve-
ment commonly takes 2-3 weeks or more after initiation of antidepressant
drug administration, progressive functional desensitization of pre- and post-
synaptic serotonergic receptors, including 5-HT) 4, 5-HTp, and 5-HT7,, that
is set off by blockade of the 5-HT transporter, has been implicated in these
delayed therapeutic effects. In conclusion, the phenotypic similarity between
anxiety-related behavior and stress reactivity in humans and 5-HT 4 receptor
KO mice powerfully validates the practicability of KO animal models.

3.1.2
Serotonin Receptor 1B

The 5-HT)p receptor was the first subtype to have its gene inactivated by
classical homologous recombination (Saudou et al. 1994). 5-HTp 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 re-
lease of other neurotransmitters. Selective agonists and antagonists for 5-HT g
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receptors are largely lacking, but indirect pharmacological evidence suggests
that 5-HT;p activation influences food intake, sexual activity, locomotion, and
emotionality including, particularly, impulsivity and aggression.

Generation of mice with a targeted disruption of the 5-HT g gene facili-
tated 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, each postulated to be modulated by 5-HT g receptors, were
analyzed. Wildtype and null-mutant (5-HT;3~/~) mice were found to display
similar levels of locomotor activity in an open field. However, 5-HT)p receptor
KO mice show adaptation in 5-HT,¢ receptor-mediated functions with smaller
reductions in food intake and locomotor activity in response to administra-
tion of 5-HT), receptor agonists. Impulsivity and aggression-related behavior
of male 5-HT;5~/~ mice were assessed by isolation and subsequent exposure
to a non-isolated male wildtype intruder mouse. The latency and number
of attacks displayed by the KO mice were used as indices of aggression. The
5-HTig KO mice, when compared with wildtype mice, showed more rapid,
more intense, and more frequent attacks. Lactating female 5-HT;5~/~ 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 addictive behavior
(Brunner et al. 1999).

These results further support the notion that distinct receptor subtypes
modulate different dimensions of behavior that may be either synergistic or
antagonistic. Opposite to 5-HT;4 receptor-deficient mice, 5-HT;3 KOs are
more reactive and more aggressive but show dramatically less anxiety-related
behavior than control mice, although both 5-HT;4 and 5-HT; receptors con-
trol the tone of the serotonergic system and mediate some of the postsynaptic
5-HT effects (Zhuang et al. 1999). The regional variation of 5-HT receptor ex-
pression and the complex autoregulatory processes of 5-HT function that are
operational in different brain areas may lead to a plausible hypothesis to ex-
plain an inconsistency 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 concentration, and increased levels of 5-HT 5
mRNA in the dorsal hippocampus (dentate gyrus and CA1) compared to low-
aggressive mice that had long attack latency and high plasma corticosterone
levels (Korte et al. 1996). Correspondingly, increased postsynaptic 5-HT;a
receptor radioligand binding was also found in the hippocampal CA1 subdivi-
sion, dentate gyrus, lateral septum, and frontal cortex, whereas no difference
in ligand binding was found for the 5-HT; 5 autoreceptor 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 limbic and cortical regions.



84 K.P. Lesch

3.1.3
Other Serotonin Receptors

Prior to the generation of 5-HT,¢ receptor-deficient mice, studies with nonse-
lective agonists had suggested potential roles for this receptor in the serotoner-
gic regulation of feeding and anxiety. Consistent with the pharmacological ev-
idence, 5-HT,c mutant mice display hyperphagia-evoked weight gain but also
infrequent and sporadic spontaneous seizures, suggesting a globally enhanced
neuronal network excitability. Behavioral analysis of 5-HT,¢ KO mice revealed
abnormal performance in a spatial learning task and altered exploratory be-
havior associated with altered long-term potentiation restricted to the dentate
gyrus perforant path synapse (Heisler and Tecott 1999). However, abnormal-
ities of hippocampal 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 sub-
types, such as the 5-HTs, and 5-HTy, or a transgenic line that overexpresses 5-
HT3, demonstrate that these receptors modulate the activity of neural circuits
involved specifically in exploratory and reward-related behavior. When ex-
posed to novel environments, KO mice lacking the 5-HTs, exhibit increased
exploratory activity and an attenuated stimulatory effect of lysergic acid di-
ethylamide (LSD) on exploratory activity but no change in anxiety-related
behavior (Grailhe et al. 1999), whereas 5-HT7; 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 can specifically interact with the other subtypes. The present challenge
therefore is to further characterize the physiological and behavioral relevance
of theremaining 5-HT receptor gene products as well as to generate and analyze
KO mice for each remaining subtype (Compan et al. 2004; Fiorica-Howells et al.
2002; Nebigil et al. 2001). The new insights into neural plasticity and complex-
ity 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
Serotonin 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 isoforms
are members of the aromatic amino acid hydroxylase gene family, together
with phenylalanine (PAH) and tyrosine hydroxylases (TH). The human TPH1
gene located on chromosome I1Ipl5.1, spans a region of 30 kb, contains at
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least 11 exons, and an unusual splicing complexity in the 5'-untranslated re-
gion (5'-UTR) 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 con-
tains 11 exons, and a single TPH2 mRNA species is transcribed from a unique
transcriptional 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 TPHI 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 the 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 TPHI1 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.

This finding is critically relevant, since correlations between peripheral lev-
els 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 associated 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). Nielson et al. (1994, 1998) reported that the TPH A779C poly-
morphism influences 5-hydroxyindoleacetic acid concentrations (5-HIAA),
the major metabolite of 5-HT, in cerebrospinal fluid (CSF), and may predis-
pose to suicidality, a pathophysiological mechanism that may involve impaired
impulse control. This finding was subsequently replicated by the several other
groups suggesting that functional variant(s) in or close to the TPH1 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
behaviorin TPHI KO mice, this conclusion calls for reconsideration. Among the
questions that need to be answered are whether TPH1 expression is restricted
to the 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 imminent.

3.2.2
Monoamine Oxidase A

Monoamine oxidase A (MAOA) oxidizes 5-HT, norepinephrine as well as
dopamine, and is expressed in a cell type-specific manner. Abnormalities in
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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, pos-
sibly reflecting increased anxiety 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 un-
derlying patterning of projections in the SSC have been intensively studied
with a widely held view that the formation of somatotopic maps does not de-
pend on neural activity. The timing of serotonergic innervation coincides with
pronounced growth of the cortex, the period when incoming axons begin to
establish synaptic interactions with target neurons and to elaborate a profuse
branching pattern.

Interestingly, the brains of MAOA KO mice show a lack of these charac-
teristic barrel-like clustering of layer IV neurons in S1, despite relatively pre-
served trigeminal and thalamic patterns (Cases et al. 1995; Di Pino et al. 2004).
Thalamo-cortical afferents display a decrease in branching and excessive tan-
gential distributions, suggesting a deficiency of terminal retraction (Rebsam
etal. 2002). Other abnormalities include abnormal segregation of contralateral
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 p-chlorophenylalanine (pCPA),
which also restores normal development of retinogeniculate projections and
the brainstem respiratory network as well as aggression-related behavior.

Additional evidence for arole of 5-HT in the development of neonatal rodent
SSC derives from the transient barrel-like distribution of 5-HT, 5-HT;g, and
5-HT;4 receptors, 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 developmental stage
both 5-HT transporter and the vesicular monoamine transporter (VMAT2)
despite their later glutamatergic phenotype (Lebrand et al. 1996).
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3.3
Transporter

High-affinity 5-HT transport into the presynaptic neuron is mediated by a sin-
gle 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, citalopram, 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 development (Lesch and Murphy 2003). Cloning of 5-HTT has
identified a protein with 12 transmembrane domains (TMDs) and studies using
site-directed mutagenesis and deletion mutants indicate that distinct amino
acid residues participate in substrate translocation and competitive antagonist
binding. 5-HTT function is acutely modulated by posttranslational modifi-
cation. Moreover, several intracellular signal transduction pathways converge
on the transcriptional 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 expres-
sion is associated with anxiety, depression, and aggression-related personality
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 2003).

3.3.1
Anxiety-Related Responses

The converging evidence that 5-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 characterized
using a battery of tests including open field, elevated plus maze, and light-dark
box. In these tests both male and female 5-HTT KO mice show consistently
increased anxiety-like behavior and inhibited exploratory locomotion. The se-
lective 5-HT;4 receptor antagonist WAY 100635 produced an anxiolytic effect
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in the elevated plus maze in 5-HTT KO mice, suggesting that the abnormalities
in anxiety-like and exploratory behavior is mediated by the 5-HT; 5 receptor
(Holmes et al. 2003). Unlike heterozygous 5-HT, A"~ mice, 5-HTT*'~ mice, in
which transporter binding sites are reduced by approximately 50%, were sim-
ilar to controls on most measures of anxiety-like behavior. However, changes
in exploratory behavior in 5-HTT*/~ 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 ag-
gressive behavior in 5-HTT*/~ mice that is limited to specific measures and test
conditions. While male 5-HTT~/~ mice are slower to attack the intruder and
attacked with less frequency than control littermates, heterozygous 5-HT T/~
mice were as quick to attack, but made fewer overall attacks, as compared
to controls. Aggression increased with repeated exposure to an intruder in
5-HTT*'~ and control mice, but not in 5-HTT~/~ mice. These subtle behav-
ioral alterations in 5-HTT*/~ mice are contrasted by robust perturbations in
serotonergic homeostasis that are intermediate between —/— mice and controls
in a gene-dose dependent manner including elevated extracellular 5-HT, de-
creased 5-HT neuron firing in the dorsal raphe, and reduced 5-HT; 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 abnormalities only under challenging environmen-
tal conditions strongly support the disposition-stress model of affective and
anxiety disorders (Murphy et al. 2003).

3.3.2
Neuroadaptive Changes

Analogous to 5-HT 14 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 neurotrans-
mission which is expected to cause enhanced activation of postsynaptic 5-HT
receptors. Both in vivo microdialysis in striatum and in vivo chronoamperom-
etry in hippocampus revealed that 5-HTT null-mutant mice exhibit an approxi-
mately fivefold increase in extracellular concentrations of 5-HT and an absence
of transporter-mediated clearance, although brain tissue 5-HT concentrations
are markedly reduced by 40%-60% (Bengel et al. 1998).

Excess of extracellular 5-HT activates the negative autoinhibitory feedback
and reduces cellular 5-HT availability by stimulating 5-HT;4 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-HTj4 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
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by compensatory alterations in 5-HT synthesis and turnover, downregulation
of terminal 5-HT release-inhibiting 5-HT)p receptors (Fabre et al. 2000).

Therefore, a partial downregulation of postsynaptic 5-HT, receptors in
some forebrain regions but a several-fold increase in extracellular concentra-
tions of 5-HT in 5-HTT null-mutant mice could still cause excess net activation
of postsynaptic 5-HT| 5 receptors, resulting in increased anxiety-like behavior
and its reversal by WAY 100635 (Holmes et al. 2003). However, administra-
tion of WAY 100635 antagonizes not only postsynaptic 5-HT; receptors in
forebrain regions but also acts at somatodendritic autoreceptors in the raphe
nuclei, and electrophysiological studies show that WAY 100635 causes a rever-
sal of markedly reduced spontaneous firing rates of 5-HT neurons in the dorsal
raphe nucleus of 5-H TT~'~ mice, indicating that the net effect of WAY 100635
on serotonergic neurotransmission in 5-HTT KO mice may be more complex
than anticipated (Gobbi et al. 2001).

Taken together, these findings add to an emerging picture of abnormal-
ities 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. 2001; Sora et al. 1998), altered gastrointestinal motility (Chen et al.
2001), and disturbed rapid eye movement (REM) sleep (Wisor et al. 2003).
Finally, given the absence of the 5-HTT throughout ontogeny, 5-HTT KO mice
also provide a research tool for studying the potential for neurodevelopment
abnormalities affecting anxiety-like behavior.

333
Development of the Somatosensory Cortex

Analogous to MAOA KO mice, inactivation of the 5-HTT gene profoundly dis-
turbs formation of the SSC with altered cytoarchitecture of cortical layer IV,
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 develop-
ment and suggest that transient 5-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
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synaptic density in SSClayer 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 movements of cortical
granule cells, similar to concentration-dependent 5-HT modulation of cell mi-
gration 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-
HTT-LPR (gene-linked polymorphic region), it may be speculated that allelic
variation in 5-HTT function also affects the human brain during development
with due consequences for disease liability and therapeutic response.

These findings demonstrate that excessive amounts of extracellular 5-HT are
detrimental to SSC development and suggest that transient 5-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 neurotransmission 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
etal. 1996; Hansson et al. 1998). 5-HT is internalized via 5-HTT in thalamic neu-
rons and is detectable in axon terminals (Cases et al. 1998; Lebrand et al. 1996).
The presence of the VMAT?2 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 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;p receptors are known to inhibit the release of glutamate
in the thalamocortical somatosensory pathway, excessive activation of 5-HT)p
receptors could prevent activity-dependent processes involved in the pattern-
ing of afferents and barrel structures. This hypothesis is supported by a recent
study using a strategy of combined KO of MAOA, 5-HTT, and 5-HT;p receptor
genes. While only partial disruption of the patterning of somatosensory thala-
mocortical projections was observed in 5-HTT KO, MAOA-5-HTT double KO
(DKO) mice showed that 5-HT accumulation in the extracellular space causes
total disruption of the patterning 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-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-HT;p 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 inactivations leads
to a reduced number of apoptotic cells in striatum, thalamus, hypothalamus,
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cerebral cortex, and hippocampus on postnatal day 1 (P1) with differences
displaying an increasing fronto-caudal gradient and regional specificity (Per-
sico et al. 2003). These findings underscore the role of 5-HT in the regulation
of programmed cell death during brain development, and suggest that phar-
macological enhancement of serotoninergic neurotransmission may minimize
pathological apoptosis.

The evidence that changes in 5-HT system homeostasis exert long-term
effects on cortical development and adult brain plasticity may be an impor-
tant step forward in establishing the psychobiological groundwork for a neu-
rodevelopmental hypothesis of negative emotionality, aggressiveness, and vi-
olence (Lesch 2003). Although there is converging evidence that serotonergic
dysfunction contributes to anxiety-related behavior, the precise mechanism
that renders 5-HTT-deficient mice more anxious and stress responsive re-
mains to be elucidated. While increased 5-HT availability and activation of
other serotonergic receptor subtypes that have been shown to mediate anxi-
ety (e.g., 5-HT)¢ receptor) may contribute to increased anxiety in the rodent
model, multiple downstream cellular pathways or neurocircuits, including
noradrenergic, GABAergic, glutamatergic, 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 KO 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 in-
volves different transduction pathways, and each receptor subtype modulates
distinct, though frequently 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 calcium-stimulated
adenylyl cyclase type VIII (AC8) exhibit indices of anxiety comparable with
that of wildtype 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 (Schaefer
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-
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induced anxiety may be complex, involving impaired long-term depression
(LTD) in the CA1 region of the hippocampus and failure to activate CRE-
binding protein (CREB) in the CA1 region after restraint stress. Interestingly,
it was recently reported that CREBI polymorphisms predispose to depressive
disorder in a gender-specific manner, further strengthening the assumption
that this pathway is involved in emotion regulation (Zubenko et al. 2003).

3.4.2
Calcium-Calmodulin Kinase Il

The gene of the effector enzyme calcium-calmodulin kinase II (CaMKII),
which participates in some intracellular responses to 5-HT receptor activa-
tion, has also been implicated in aggressive behavior by gene disruption (Chen
et al. 1994). While CaMKII~/~ mutants showed global behavioral impairment,
male mice heterozygous for the inactivated CaMKII had a greater tendency to
fight with each other when housed together. To be more specific, they showed
enhanced offensive aggression, normal defensive aggression, and decreased
fear-related responses.

3.43
G Protein-Activated Inward Rectifying Potassium Channel 2

The G protein-activated inward rectifying potassium (GIRK) channels regulate
synaptic transmission and neuronal firing rates. The GIRK1-4 subunits exhibit
unique but overlapping tissue localization patterns and contain cytoplasmic
amino and carboxyl termini, two transmembrane domains, and a hydrophobic
pore region similar to other potassium-selective channels. Evidence for homo-
and heteromultimerization of GIRK subunits has been derived from heterol-
ogous expression and biochemical studies (Wischmeyer et al. 1997). They
are regulated by neurotransmitters and hormones through G protein-coupled
receptors, including muscarinic M2, dopamine D1-3, a-adrenoreceptor, 5-
HT;4, adenosine Aj, GABAg, p-, 6-, and x-opioid, and somatostatin recep-
tors. The GIRK2 (Kir 3.2) channel is abundantly expressed in the mammalian
CNS (Karschin et al. 1996) and co-localization with dopamine receptors in
the mesolimbic system and 5-HT ;4 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 of hyper-
activity and reduced anxiety-like behavior with initially higher motor activity
and slower habituation in a novel situation, increased levels of spontaneous
locomotor activity during dark phase, and impaired habituation in the open-
field test (Blednov et al. 2001; Blednov et al. 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-HT14
receptor-stimulated GIRK2 channels in mice with disruption of neural cell ad-
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hesion molecule (NCAM) gene may be causal for a lower excitability of target
neurons for serotonergic fibers in the limbic system resulting in altered anxiety
and aggression-related behavior (Delling et al. 2002) (also see Sect. 3.5.3).

344
Neuronal Nitric Oxide Synthase

The discovery of a considerable number of hyperaggressive mutant strains in
the course of gene KO experiments highlights the extraordinary diversity of
genes involved in the genetic influence on emotionality. Interestingly, 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 sen-
sitivity. Male nNOS™/~ mice and wildtype mice in which nNOS is pharmaco-
logically suppressed are highly aggressive (Chiavegatto et al. 2001). Excessive
aggressiveness and impulsiveness of nNOS KO mice depend 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-HTp receptor function in brain regions regulating
emotion. These findings indicate an interaction of nNOS and the 5-HT system
mediated through 5-HT;s and 5-HT)p receptors, but the specific molecular
mechanisms in anxiety and aggression remain to be clarified in more detail
(Chiavegatto and Nelson 2003). Increased aggression and hypersexuality in
male nNOS KO mice largely resemble the behavioral phenotype of Brunner
syndrome caused by MAOA gene disruption (also see Sect. 3.2.1), suggesting
common downstream pathways. Interestingly, the impact of nNOS inactiva-
tion 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 should be the scope of future investigations.

3.5
Gene-Environment Interaction at the Neurodevelopmental Interface of Anxiety

At the core of the gene-versus-environment debate, the relative influences of
adverse experiences early in life on susceptibility to behavioral and psychiatric
disorder is still a matter of intense debate. Investigations in rats have shown
that maternal behavior has long-lasting consequences on fear-related behavior
of the offspring. Maternal separation for several hours a day during the early
postnatal period results in increased anxiety-like behaviors as well as increased
stress responsivity in adult animals (Kalinichev et al. 2002). Similarly, pups that
are raised by mothers that display low licking-and-grooming behavior show
higher levels of anxiety-like behavior than pups raised by high licking-and-
grooming mothers, and cross-fostering studies show that these influences are
primarily environmental (Caldji et al. 1998; Liu et al. 2000). Cross-fostering
offspring of low licking-and-grooming mothers to high licking-and-grooming
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mothers is able to impart low anxiety-like behavior to the offspring, whereas
the converse does not influence this behavior. Offspring of high licking-and-
grooming mothers raised by low licking-and-grooming mothers do not show
high anxiety-like behavior, suggesting that specific genes inherited by the high
licking-and-grooming offspring protect them from the effects of low licking-
and-grooming mothering. Furthermore, Francis et al. (1999) have shown that
the effect of high licking-and-grooming can be passed from one generation
to the next. Females raised by high licking-and-grooming mothers themselves
become high licking-and-grooming mothers and go on to produce low anxiety
offspring regardless of whether their biological mother showed low or high
licking-and-grooming. This epigenetic inheritance of anxiety-like behavior
underscores the power that environmental influences can exert to persistently
remodel circuits in the brain during early development.

Studies using mice of defined genetic backgrounds have also begun to shed
light on the molecular mechanisms of specific gene-environment interactions.
Anisman et al. (1998) found that mice of the low licking-and-grooming Balb/c
inbred strain cross-fostered at birth to the high licking-and-grooming C57BL/6
inbred strain display improvements in a hippocampal-dependent memory
task. Because the reverse cross-fostering, where C57BL/6 pups are raised by
Balb/c mothers, does not alter the behavior of C57BL/6 mice, it appears that the
C57BL/6 genetic background protects the pups from the effects of a Balb/c ma-
ternal environment. However, by transplanting C57BL/6 embryos into Balb/c
foster mothers shortly after conception, Francis et al. (2003) were able to show
that a combined prenatal and postnatal Balb/c maternal environment is suf-
ficient to confer Balb/c behavior on C57BL/6 offspring, demonstrating that
intra- and extra-uterine maternal signals are likely to synergistically induce
long-term plasticity changes in anxiety- and depression-related neurocircuits.

Since the genetic basis of present-day temperamental and behavioral traits
is already laid out in many mammalian species including mice and may reflect
selective forces among our remote ancestors, research efforts have recently
been focused on nonhuman primates and humans (Barr et al. 2003a,b; Bennett
et al. 2002; Caspi et al. 2003; Champoux et al. 2002; Newman et al. 2003).

3.5.1
Developmental Specification Serotonergic Neurons: Setting the Stage

The comparatively small number of serotonergic neurons (~20,000 and
~300,000 in rodents and humans, respectively) are primarily located in the
raphe nuclei, on the midline of the rhombencephalon, and in the reticular
formation. Although these neurons are clustered in caudal and rostral divi-
sions of the B1-B9 cell groups, the extensive collateralization of their terminals
densely innervate all regions of the CNS. While serotonergic neurons are gen-
erated during early embryonic development (E10-E12), launch synthesis of
5-HT shortly after that, and extend their axonal tracts to the forebrain and
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spinal cord, the maturational process shaping the networks is only completed
during postnatal development.

Despite the widespread importance of the central serotonergic neurotrans-
mitter system, knowledge of the molecular mechanisms regulating the devel-
opment of 5-HT neurons is still limited. The specification, differentiation, di-
versification, phenotype maintenance, and survival of neurons comprising the
raphe serotonergic system require a considerable number of transcription fac-
tors, other morphogenetic regulators of gene expression, neurotrophins, and
growth factors, as well as 5-HT itself to work in concert or in cascade (Fig. 1).

Induction of the floor plate at the ventral midline of the neural tube and
definition of the region in which the progenitor cells of 5-HT neurons will be
formed are among the initial events in the establishment of dorsoventral polar-
ity in the vertebrate brain. Several secreted positional markers, including the
fibroblast growth factors (Fgf4 and 8) and Sonic hedgehog (Shh) synergistically
control serotonergic (and dopaminergic) cell fate in the anterior neural plate
(Hynes et al. 2000; Ye et al. 1998). Generation of 5-HT neurons in the neural
tube depends on the action of the notochord and floor plate-derived Shh, as
elicited by constitutive activation of the Shh, Smoothened, in transgenic mice
resulting in a dislocation of serotonergic neurons. Fgf4 and Fgf8, expressed in
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Fig. 1 Genetic pathways in the development of the raphe serotonin (5-HT) system (modified
from Lesch 2001b). Shh and Fgf4+8 are intrinsic signaling molecules, Nkx2.2, Gli2, Lmx1b,
Pet1, and Gata3 are transcription factors. Gap43, Smad3, BMP, TGFB, CNTF, and BDNF are
neurotrophins and other growth factors. TrkB, neurotrophin receptor; MAPK, MAP kinase;
AC, adenylyl cyclase; PKA, protein kinase A; TPH, tryptophan hydroxylase 2; R, receptor
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the primitive streak and isthmus region, respectively, have been suggested to
participate in the formation of an induction and organizing center that speci-
fies the location and identity of rostral 5-HT neurons. The concerted action of
Shh with other as-yet-unidentified signaling molecules, but not Fgf8, induces
the generation of the caudal cluster of 5-HT neurons.

In addition, the genetic cascade of several transcription factors participates
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 at the boundary between the midbrain and
hindbrain (Brodski et al. 2003). KO of Nkx2.2 results in the absence of some
serotonergic neurons in the hindbrain (Briscoe et al. 1999), whereas elimina-
tion 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 subsys-
tems appears to be differentially controlled by transcriptional regulators. The
transcription factor Gata3 is expressed broadly during embryogenesis, includ-
ing 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 performance (Matise et al. 1998).

Following definition of neuronal precursors’ position, several other tran-
scription factors turn out to be instrumental in establishing the serotonergic
phenotype, reflected by the expression of genes representing the synthetic and
metabolic machinery for 5-HT (e.g., TPH, MAO), receptor-mediated signaling
(e.g., 5-HTja receptor), or uptake-facilitated clearance (e.g., 5-HTT). Tran-
scription factors that are expressed in by now postmitotic cells and that induce
expression of these 5-HT markers encompass the Lim homeodomain and ETS
domain transcription factor, Lmx1b and Petl, respectively (Ding et al. 2003;
Hendricks et al. 1999). By coupling Nkx2.2-mediated early specification with
Petl-induced terminal differentiation, Lmx1b acts as a critical mediator and
thus represents a major determinant in the gene expression cascade resulting
in the phenotypic determination of all 5-HT neurons in the CNS.

3.5.2
Transcription Factor Pet1

While the transcription factors Nkx2.2 and Gli2 are also required for induction
of floor plate and adjacent cells including both serotonergic and dopaminergic
neurons throughout the midbrain, hindbrain, and spinal cord (van Doorn-
inck et al. 1999), expression of Petl is restricted to the rostrocaudal extent
of hindbrain raphe nuclei and closely associated with developing seroton-
ergic neurons in the raphe nuclei (Hendricks et al. 1999; Pfaar et al. 2002)
(Fig. 1). Petl is therefore likely to be distinct from other factors because its
expression pattern suggests that it performs a strictly serotonergic-specific
function in the brain. Moreover, consensus Petl binding motifs are present in
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the transcriptional regulatory regions of both the human and murine 5-HT 4
receptor, 5-HTT, tryptophan hydroxylases (Tphl 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.

In the rat dorsal and median raphe, 5-HT neurons begin to appear at approx-
imately E11 and peak 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 di-
vision. The detection of Petl as early as E12.5 in the rostral cluster suggests
that it is expressed in 5-HT neuron precursors during their terminal differen-
tiation, consistent 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 PetI 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 consequence of disrupted 5-HT
system development. These findings further support the notion that Petl may
represent the terminal differentiation factor that establishes the final identity of
5-HT neurons. Finally, the Pet1-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 neurotrophin action, the
role of messenger RNA elongation and other mechanisms of neural gene regula-
tion are increasingly attracting systematic scrutiny. Foggy, a phosphorylation-
dependent, dual regulator of transcript elongation, affects development of
5-HT-containing (and dopamine-containing) neurons in the zebrafish (Guo
et al. 2000). In the fruit fly, the homeobox genes engrailed (en) and islet, the
zinc finger transcription factor huckebein (hkb), and eagle (eg), which codes
for an orphan nuclear receptor with homology to the steroid receptor family,
are required for the specification of 5-HT neurons (Goridis and Brunet 1999;
Lundell and Hirsh 1998). The human orthologs of foggy and fagle remain to
be identified and their role in anxiety and emotionality to be determined.

3.5.3
Brain-Derived Neurotrophic Factor

An extended assembly of other neurotrophins and growth factors also mod-
ulates the phenotype of 5-HT neurons. These include family members of the
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neurotrophins, such as transforming growth factor-f (TGF-f), bone morpho-
genetic protein (BMP), and neurokines (ciliary neurotrophic factor, CNTF)
(Galter and Unsicker 2000a,b). 5-HT itself regulates the serotonergic pheno-
type of neurons by sequential activation of the 5-HT} 5 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 dependent on stimulation of the adenylyl cyclase/protein kinase A signal-
ing pathway mediated by a family of cyclic AMP (cAMP)-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 there-
fore proposed the neurotrophin receptor TrkB as the master control protein
that integrates a diverse array of signals that elicit and maintain serotonergic
differentiation and survival.

BDNF is involved in a variety of trophic and modulatory effects that in-
clude a critical role in the development and plasticity of dopaminergic, sero-
tonergic, and other neurons (Bonhoeffer 1996; Schuman 1999). Specifically,
BDNF enhances differentiation of 5-HT neurons during embryonic develop-
mentand prevents neurotoxin-induced serotonergic denervation in adult brain
(Frechilla et al. 2000; Galter and Unsicker 2000a,b). Furthermore, human fetal
mesencephalic cultured cells treated with BDNF exhibit greater neuronal sur-
vival and increased tissue 5-HT concentrations (Spenger et al. 1995). BDNF
treatment of E14 rat embryos induced a twofold 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-HT1 4, and 5-HT;p 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 de-
generative changes (Vitalis et al. 2002). In addition, BDNF mediates the effects
of repeated stress exposure and long-term antidepressant treatment on neu-
rogenesis and neuronal survival in the hippocampus (D’Sa and Duman 2002).
These findings converge with reduced hippocampal plasticity, as reflected by
areduced hippocampal volume; and hippocampus-related memory deficiency
plays an 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). Het-
erozygote BDNF'/~ mice exhibit gene dose-dependent reductions in BDNF
expression in forebrain, hippocampus, and some hypothalamic nuclei (Kernie
et al. 2000; MacQueen et al. 2001) as well as decreased striatal dopamine con-
tent, decreased potassium-elicited dopamine release (Dluzen et al. 2002), and
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some evidence of decreased concentrations of forebrain 5-HT concentrations
and fiber densities at 18 months of age (Lyons et al. 1999). Furthermore, learn-
ing deficits and hyperactivity was revealed in BDNF*~ mice (Kernie et al.
2000). They also develop intermale aggressiveness in the resident-intruder
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 glucose, in-
sulin 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
5-HTT and BDNE. Male but not female 5-HTT~/~-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~/~-BDNF*/*
controls (Murphy et al. 2003). These findings support the notion of critical
role of gene-gene interaction in brain plasticity related to anxiety and related
disorders.

3.54
Neural Cell Adhesion Molecule

NCAM plays a critical role during brain development and in adult plastic-
ity. In particular, NCAM is involved in neuronal migration, neurite out-
growth, synaptic plasticity, and emotional behavior (Schachner 1997). NCAM-
deficient mice display both elevated anxiety and aggression levels (Stork et al.
1999). Although 5-HT;4 binding as well as brain 5-HT and 5-HIAA tissue
concentrations were unaltered, lower doses of 5-HTjs agonists are neces-
sary to reduce anxiety and aggressiveness in the NCAM ™/~ mice, suggest-
ing a functional change in the 5-HTj receptor (Stork et al. 1999). Interest-
ingly, 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
upregulated in NCAM KO mice, thus identifying disrupted 5-HT;4-activated
cellular pathways as an additional cause for their anxiety- and aggression-
related behavior (Delling et al. 2002) (also see Sect. 3.4.3). Taken together,
these findings indicate an involvement of NCAM impacting on 5-HT sys-
tem function through the 5-HT;a receptors and its effector, but the specific
molecular mechanisms in emotional behavior remain to be elucidated in more
detail.
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3.6
Other Serotonin-Related Systems

3.6.1
Tissue-Plasminogen Activator and Growth-Associated Protein 43

Adaptive responses to stressful events comprise physiological processes and
behavior aimed at sustaining homeostasis, 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 play-
ers 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 elucidated. Recently, Pawlak and coworkers (2003)
identified acute restraint stress-induced upregulation of the serine protease
tissue-plasminogen activator (tPA) in the amygdala as a critical mechanism in
stress-related neural remodeling that 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 disruption 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 phospho-
rylate extracellular signal-regulated kinase 1/2 (ERK1/2), a trigger for postsy-
naptic plasticity-related events. Furthermore, axonal remodeling reflected by
decreases in expression of Gap43, a growth-associated protein expressed in
growing 5-HT axons and thus a marker of presynaptic plasticity, in the amyg-
dala but not in hippocampus. Interestingly, a gene dose-dependent failure of
5-HT axons to innervate selected forebrain regions including the somatosen-
sory cortex and hippocampus but not the amygdala was revealed in Gap43
KO mice, suggesting Gap43 as a key regulator in normal pathfinding and ar-
borization of 5-HT axons during early brain development (Donovan et al. 2002;
Maier et al. 1999; Mcllvain et al. 2003). However, it remains to be elucidated
whether Gap43 participates also in adult plasticity of the hippocampus or
amygdala, and whether Gap43 KO mice exhibit changes in anxiety-related or
other emotional behaviors.

3.6.2
Neurokinin 1 Receptor

Although substance P (SP) and its receptor, neurokinin 1 receptor (NK1R), have
beenimplicated in the control of mood, anxiety, and stress, the efficacy of NK1R
antagonists as both antidepressants and anxiolytics has been matter of con-
siderable debate (Lesch 2001a). Santarelli and associates (2001) have recently
made a strong argument for a critical role of the SP/NKIR system the modu-
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lation of anxiety-related behaviors in mice. Targeted inactivation of the NK1R
produced a phenotype that is associated with an increase of fear and anxiety
in the elevated plus maze, novelty suppressed feeding, and maternal separa-
tion paradigms. Results derived from pharmacologic, immunohistochemical,
autoradiographic, endocrine, and electrophysiological studies convincingly
identify the 5-HT system as a important participant in anxiety-related re-
sponses to NK1R KO, while an association of the NK1R 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 modulate serotonergic function.

4
Clinical Implications and Outlook

Mutant mice of genes controlling 5-HT-system development and plasticity,
of genes establishing 5-HT neuron identity, and of genes modulating 5-HT
receptor-mediated signal transduction and cellular pathways provide practi-
cal models to study how genomic variation in these genes modulate human
emotional behavior (Lesch 2001a). Allelic variation in the expression of hu-
man genes and function of their respective protein products, which are de-
terminants of the serotonergic neuron phenotype, have been implicated in
anxiety-related traits, such as 5-HT 4 and 5-HTT (Reif and Lesch 2003; Rothe
et al. 2004; Strobel et al. 2003), and aggressive behavior, such as 5-HT;p and
MAOA (Lappalainen et al. 1998; Lesch and Merschdorf 2000; Samochowiec
etal. 1999) (Table 2). For instance, consistent with the finding that 5-HTT gene
inactivation in mice leads to increased anxiety-like and reduced aggressive
behavior, the allelic variation of the human 5-HTT polymorphism is associ-
ated with increased trait anxiety/stress reactivity and neural responses to fear
(Hariri et al. 2002; Lesch 1996, 2003). 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 Mdssner 1998). Another example is a repeat polymorphism
in the promoter region of the human and nonhuman primate MAOA gene
that differentially modulates gene transcription (Deckert et al. 1999; Newman
et al. 2003). Allelic variation in MAOA gene expression and enzyme activity is
not only associated with increased aggressiveness and violence but also with
panic disorder. Complex traits such as anxiety, depression, and 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 has
been documented extensively for 5-HTT (Barr et al. 2003a,b; Bennett et al.
2002; Caspi et al. 2003; Champoux 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.
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Table 2 Functional serotonergic gene variations associated with behavioral phenotype,
psychopathology, and psychiatric disorders

Gene Functional variation Behavioral traits Psychopathology/disorders
5-HT
receptors
1A C-1019G Anxiety, depression ~ Depression, suicidality,
panic disorder
1B G861C (in linkage Impulsivity, Alcoholism
disequilibrium with aggression
promoter haplotype:
T-261G, A-161T, and
-182INS/DEL-181)
2C Cys23Ser HTR2C-LPR ~ Feeding, Hallucinatory psychosis,
learning, and eating disorders
memory, anxiety?
5-HTT S5HTT-LPR Anxiety, depression,  Depression/suicidality,
stress reactivity, alcoholism, OCD, autism,
aggression ADHD, eating disorders
MAOA MAOA-LPR Aggression, anxiety Alcoholism, panic

antisocial behavior disorder, antisocial

personality disorder

ADHD, attention-deficit/hyperactivity disorder; OCD, obsessive-compulsive disorder.

Although current methods for the detection of gene-environment interaction
in behavioral genetics are largely indirect, the most pertinent consequence of
gene identification for behavioral traits may be that it will provide the tools re-
quired to systematically elucidate the effects of gene-environment interaction.

Finally, future benefits will stem from the potential development of strate-
gies involving spatio-temporally specific conditional knockouts with and gene
transfer technology that could facilitate novel drug design (Lesch 2001a). Par-
alleling the resolution of gene-gene and gene-environment interactions and
as the dogma fades that neurons are highly vulnerable and their capacity for
regeneration, reproducibility, and plasticity is limited, it is being realized that
advanced gene transfer strategies may eventually be applicable to complex
behavioral disorders.
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Abstract Hyperactivity of central neuropeptidergic circuits such as the corticotropin-re-
leasing hormone (CRH) and vasopressin (AVP) neuronal systems is thought to play a causal
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role in the etiology and symptomatology of anxiety disorders. Indeed, there is increasing
evidence from basic science that chronic stress-induced perturbation of CRH and AVP
neurocircuitries may contribute to abnormal neuronal communication in conditions of
pathological anxiety. Anxiety disorders aggregate in families, and accumulating evidence
supports the notion that the major source of familial risk is genetic. In this context, refined
molecular technologies and the creation of genetically engineered mice have allowed us
to specifically target individual genes involved in the regulation of the elements of the
CRH (e.g., CRH peptides, CRH-related peptides, their receptors, binding protein). During
the past few years, studies performed in such mice have complemented and extended
our knowledge. The cumulative evidence makes a strong case implicating dysfunction of
CRH-related systems in the pathogenesis of anxiety disorders and depression and leads us
beyond the monoaminergic synapse in search of eagerly anticipated strategies to discover
and develop better therapies.

Keywords CRH - CRF - Depression - Anxiety - CRH receptor antagonist - R121919 -
NBI 30775 - CRH receptor type 1 - CRH receptor type 2 - Transgenic mice -
Conditional knockout

1
Introduction—Understanding Endocrine-Behavior Interactions:
Lessons from Mutant Mice

Anxiety disorders are common, and lifetime prevalence for the group of dis-
orders is estimated to be as high as 25% (Kessler et al. 1994). These disorders
display a substantial lifetime and episode comorbidity between each other and
between other psychiatric conditions, particularly mood disorders (Hettema
et al. 2001). With respect to the neuroendocrine phenotype, increased con-
centrations of corticotropin-releasing hormone (CRH) in the cerebrospinal
fluid have been reported in stress-related clinical conditions (Holsboer 1999,
2003). In major depression, the combined dexamethasone (DEX)/CRH test, in
which DEX-pretreated subjects receive a single dose of CRH, has proved to be
the most sensitive tool for the detection of altered hypothalamic-pituitary-
adrenocortical (HPA) regulation. Depending on age and gender, up to 90% of
patients with depression show this neuroendocrine phenomenon (Heuser et al.
1994). Panic disorder patients do not show any relevant alterations in their basal
pituitary-adrenocortical hormone secretion pattern (Holsboer 1999). Studies
using the DEX/CRH test, however, support the hypothesis that HPA system
functioning is altered in these patients and that this dysregulation is directly
involved in the pathogenesis of the disorder (Schreiber et al. 1996). Accord-
ingly, hyperactivity of central neuropeptidergic circuits such as the CRH and
vasopressin (AVP) neuronal systems is thought to play a causal role in the
etiology and symptomatology of anxiety disorders (Hokfelt et al. 2000; Hols-
boer 2000). Indeed, there is increasing evidence from basic science that chronic
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stress-induced perturbation of CRH and AVP neurocircuitries may contribute
to abnormal neuronal communication in conditions of pathological anxiety
(e.g., Antoni 1993; Griebel et al. 2002; Keck et al. 2002, 2003b; Miiller et al. 2002).
Anxiety disorders aggregate in families, and accumulating evidence supports
the notion that the major source of familial risk is genetic (Hettema et al. 2001).
In this context, genetically engineered mice with a specific deletion of targeted
genes (e.g., “conventional” and “conditional” knockouts) provide a novel and
useful tool to study the endogenous mechanisms underlying aberrant anxiety-
related behavior. In recent years, refined molecular technologies have allowed
the targeting of individual genes involved in HPA system regulation. The gen-
eration of “conventional” knockout mice allows for deleting a gene of interest
in every cell of the body. Equally important for the studies of gene function
in mice is the use of tissue-specific regulatory systems that allow gene inacti-
vation to be restricted to specific tissues and, in some cases, to specific time
points during development (“conditional” knockout). These gene-targeting
methods have become valuable tools for dissecting the functions of individual
components of complex biological systems (e.g., Miiller and Keck 2002).

2
The Stress Hormone (Hypothalamic-Pituitary—Adrenocortical) System

Every disturbance of the body, either real or imagined, either physical or
psychological, evokes a stress response. This stress response involves a large
number of mechanisms and processes that, altogether, serve to restrain the
body’s defense reactions to stress, so as to restore homeostasis and to facil-
itate adaptation. CRH is the primary hypothalamic hypophysiotropic factor
that regulates both basal and stress-induced release of pituitary corticotropin
(ACTH) and is the major constituent of the HPA system (Vale et al. 1981). At the
pituitary level, the effects of CRH are amplified by AVP, which, after prolonged
stress, is increasingly co-expressed and co-secreted from hypothalamic CRH
neurons (Antoni et al. 1993; Keck et al. 2000, 2002). CRH triggers the immediate
release of ACTH from the anterior pituitary, subsequently leading to release of
glucocorticoid hormones (GC, cortisol in humans and corticosterone in rats
and mice) from the adrenal cortex (Fig. 1).

GG, in turn, exert a very sensitive negative feedback on the HPA system at
the level of the paraventricular nucleus of the hypothalamus (PVN) and the
anterior pituitary, and also at the level of the hippocampus, which projects to
the bed nucleus of the stria terminalis, the latter which sends off projections
to the PVN. In concert with other components of the stress hormone system,
the action of corticosterone displays two modes of operation (for review see
De Kloet et al. 1998). In the first “proactive” mode, GC maintain basal activity
of the HPA system and control the sensitivity or threshold of the system’s
response to stress. GC promote coordination of circadian events, such as the



116 M.E. Keck and M. B. Miiller

Fig. 1 The regulation of the hypothalamic-pituitary-adrenocortical (HPA) system under
basal, physiological conditions. Hypothalamic corticotropin-releasing hormone (CRH) and
vasopressin (AVP) trigger the release of corticotropin (ACTH) from the anterior pituitary.
ACTH, in turn, stimulates secretion of glucocorticoid hormones (e.g., cortisol in humans,
corticosterone in rats and mice) from the adrenal cortex. The increase in glucocorticoid
levels suppresses hypothalamic CRH and AVP expression via negative feedback through
hippocampal and hypothalamic corticosteroid receptors (glucocorticoid and mineralocor-
ticoid receptors, GR and MR). CRH/AVP central nervous system pathways regulating neu-
roendocrine function as reflected by HPA measurements (i.e., plasma ACTH and cortisol)
are independent from those circuitries modulating behavior

sleep/wake cycle and food intake, and are involved in processes underlying
selective attention, integration of sensory information, and response selection.
In the second “reactive” mode, GC feedback helps to terminate stress-induced
HPA system activation. GC facilitate an animal’s ability to cope with, adapt to,
and recover from stress (Korte 2001).

2.1
Corticosteroid Effects Are Mediated via Two Receptor Subtypes

GC exert their regulatory effects on the HPA system via two types of corticos-
teroid receptors: the glucocorticoid receptor (GR) and the mineralocorticoid
receptor (MR) (Reul and De Kloet 1985). GRs occur everywhere in the brain but
are most abundant in hypothalamic CRH neurons and pituitary corticotropes.
MRs, in contrast, are highly expressed in the hippocampus and, at lower expres-
sion levels, in hypothalamic sites involved in the regulation of salt appetite and
autonomic outflow. The MR binds GC with a tenfold higher affinity than does
the GR (Reul and De Kloet 1985). These findings on corticosteroid receptor di-
versity led to the working hypothesis that the tonic influences of corticosterone
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are exerted via hippocampal MRs, while the additional occupancy of GRs with
higher levels of corticosterone mediates feedback actions aimed to restore
disturbances in homeostasis. The progressive activation of MRs with a low
concentration of corticosterone and additional activation when steroid levels
rise can cause profound changes in neuronal integrity and neuronal function
(Joels and De Kloet 1992) associated with changes in neuroendocrine regula-
tion (Jacobson and Sapolsky 1991) and behavior (Oitzl and De Kloet 1992).
Thus, the balance in MR- and GR-mediated effects exerted by corticosterone
seems to be critical for homeostatic control (for review: De Kloet et al. 1998).
Recently, a new mechanism of crosstalk between the CRH neuropeptidergic
systems and hippocampal MRs was described: acute stressors act via a CRH
receptor-mediated action to cause an elevation in MR levels in the hippocam-
pus, which is associated with an augmented MR-mediated inhibition of HPA
activity (Gesing et al. 2001). Thus, CRH receptors are involved in strengthening
an important control instrument of the HPA system. It is still unclear, however,
which CRH receptor subtype mediates this phenomenon.

Activation of GRs at the level of the PVN reduces CRH and AVP activity
(Erkut et al. 1998). This negative feedback is a fundamental way in which the
HPA system is restrained during stress and activity, and this restraint of HPA
activation by glucocorticoids is rapid and profound. In contrast, induction
of CRH expression by increasing glucocorticoid levels has been described to
occur at the level of the central amygdala and the bed nucleus of the stria termi-
nalis (BNST) (for review: Schulkin et al. 1998; Watts 1996). The latter is derived
embryologically from the amygdala, and plays a fundamental role in the regu-
lation of the HPA system during stress. This dual mechanism of glucocorticoid
action on the central nervous system suggests that corticosterone appears ca-
pable of interacting with atleast two different neuronal mechanisms to regulate
CRH gene transcription. One is seen in paraventricular neurosecretory neu-
rons, where increasing corticosteroid concentrations reduce CRH mRNA level.
The other mechanism, seen in neurons in the central nucleus of the amygdala
and the lateral BNST, acts to increase the CRH mRNA level. This “paradoxical”
elevation of CRH gene expression by glucocorticoids in the central nucleus of
the amygdala and lateral BNST may underlie a number of functional as well as
pathological emotional states in which elevated circulating levels of glucocor-
ticoids are accompanied by increased anxiety (for review: Holsboer 2000).

In summary, stress initially activates the hypothalamic CRH and AVP sys-
tem, resulting in the hypersecretion of glucocorticoids from the adrenal gland.
In addition, the psychological component of the stressor stimulates the amyg-
daloid CRH system. Chronic stressful life events could resultin aloss of capacity
of CRH or CRH-related peptides to upregulate hippocampal MR levels, leading
to a loosening of the tonic inhibitory influence on parvocellular neurons in
the PVN. Consequently, levels of CRH and AVP will increase in these neurons,
providing an enhanced drive on HPA activity. Subsequently, the elevated cir-
culating glucocorticoid levels will raise CRH expression in the central nucleus
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of the amygdala, resulting in an enhanced stimulatory influence on the PVN.
In addition, in the chronic phase of stress, downregulation of GR in the PVN
and other brain structures such as the locus coeruleus fails to restrain hyper-
function of the HPA system, and persistent activation of the HPA axis further
upregulates the amygdaloid CRH system. In this manner, a feed-forward loop
develops, accelerating the establishment of a state of sustained HPA hyperac-
tivity (Reul and Holsboer 2002). Thus, the hypothalamic and the amygdaloid
CRH systems cooperatively constitute stress-responsive, anxiety-producing
neurocircuitry during chronic stress, which is responsible for the clinical man-
ifestation of stress-associated disorders. Similarly, central AVP neurocircuits
are well known to be upregulated under conditions of long-term activation of
the HPA system, such as innate anxiety and chronic stress in rats (Keck et al.
2002, 2003b; de Goeij et al. 1992), human and rodent aging (Lucassen et al.
1993; Keck et al. 2000), and human depression (Purba et al. 1996).

2.2
The Dual Action of CRH: Activator of the HPA System and Neurotransmitter

Parvocellular neurons of the hypothalamic PVN are the major source of CRH
within the central nervous system. These parvocellular neurons project via the
external zone of the median eminence to the anterior pituitary where CRH
is released into hypophyseal portal blood vessels to activate the HPA system
by triggering ACTH release from pituitary corticotropes through activation
of CRH 1 receptors (CRHR1). Furthermore, CRH acts as a neurotransmitter
in several brain areas. High densities of CRH-like immunoreactivity have
been observed throughout the neocortex (particularly in the prefrontal and
cingulate cortices), the central nucleus of the amygdala (Van Bockstaele et al.
1998), the BNST, the hippocampus, the nucleus accumbens, some thalamic
nuclei, substantia nigra, raphe nuclei, locus coeruleus, periaqueductal gray,
and cerebellum (Swanson et al. 1983).

2.2.1
New Members of the Growing CRH Family

With the recent discovery of more endogenous ligands than CRH, the concept
is dawning that CRH, its congeners, and their receptors form an intricate
network in the brain that potentially provides a variety of targets for drug
interventions (Reul and Holsboer 2002). So far, three other neuropeptides of
the CRH family have been discovered, urocortin (UCN; Vaughan et al. 1995),
urocortin IT (UCN II; Reyes et al. 2001), and urocortin III (UCN III; Lewis
et al. 2001) the latter of which is also called stresscopin (Hsu and Hsueh 2001).
CRHR1 and CRHR?2 differ in their ligand affinities for CRH, UCN, UCN II,
and UCN III (CRHR1: UCN>CRH; CRHR2: UCN>UCN II>UCN III>>>CRH)
(Chalmers et al. 1996; Donaldson et al. 1996; Lovenberg et al. 1995b; Reul



Mutagenesis and Knockout Models: Hypothalamic-Pituitary- Adrenocortical System 119

and Holsboer 2002). Compared to CRH, UCN has an approximately 40-fold
higher affinity for CRHR2 and a roughly sixfold higher affinity for CRHR1
(Vaughan et al. 1995). The CRH-related peptides share about 45% sequence
homology with CRH. UCN has many of the effects of CRH, such asahigh ACTH
secretagogue potency (Asabaetal. 1998). Both UCN I (also termed stresscopin-
related peptide) and UCN III (stresscopin) bind selectively to CRHR2, with no
appreciable activity on CRHRI1 (Reyes et al. 2001; Lewis et al. 2001; Hsu and
Hsueh 2001). UCN has been shown to be widely expressed in the brain, with
high expression levels in various neocortical areas and the Edinger-Westphal
nucleus, and with moderate levels in the hippocampus, basal ganglia, medial
septum, medial and cortical amygdaloid nuclei, the PVN and the ventromedial
nucleus of the hypothalamus, the superior colliculus, substantia nigra, and
cerebellum (Iino et al. 1999; Kozicz et al. 1998; Wong et al. 1998; Yamamoto
etal. 1998). There seems to be only limited overlap between the distribution of
CRH and UCN (Morin et al. 1999). UCN Il mRNA displays a limited subcortical
distribution in the rodent brain that is unique, although ostensibly overlapping
in part with those of CRH (paraventricular nucleus) and UCN (brainstem and
spinal motor nuclei). Of particular interest is the fact that UCN II is expressed
in cell groups involved in stress-related physiological and behavioral functions.
This includes the locus coeruleus, the hypothalamic paraventricular nucleus,
and the arcuate nucleus (Reyes et al. 2001).

2.2.2
CRH Receptors and CRH Binding Protein

The biological actions of CRH, UCN, UCN II, and UCN III/stresscopin are
mediated by specific, high-affinity, G protein-coupled membrane receptors.
To date, two distinct receptor subtypes have been characterized: CRHR1 and
CRHR?2 display a markedly different tissue distribution and pharmacological
specificity (Chalmers et al. 1995). CRHRI has been proposed to mediate the
effects of CRH on HPA system function and anxiety-related behavior (Liebsch
etal. 1995, 1999; Skutella et al. 1998), whereas CRHR2 might be predominantly
involved in the regulation of feeding behavior (Spina et al. 1996), cardiovascular
function, and the recovery phase of the HPA response (Coste et al. 2000). The
CRHR?2 receptor family has additional diversity in that two isoforms have
been described: CRHR2a and CRHR2f (Chalmers et al. 1995; Lovenberg et al.
1995a). The CRHR2a« receptor is expressed primarily in subcortical neuronal
populations, whereas the CRHR2f isoform is expressed in non-neuronal cells
in the central nervous system (e.g., cerebral arterioles and choroid plexus).
Peripherally, CRHR2 mRNA is found in heart, lung, and skeletal muscle
(Chalmers et al. 1995; Lovenberg et al. 1995a). In humans only, a third splice
variant, CRHR2y, has been identified which is expressed in selected brain areas,
such as the septum and hippocampus and at lower levels in the amygdala,
nucleus accumbens, midbrain, and frontal cortex (Kostich et al. 1998).
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Another important regulator of HPA system function is the CRH-binding
protein (CRH-BP), a secreted glycoprotein which binds CRH and other CRH-
related peptides with considerably high affinity (for review see Kemp et al.
1998). Neither UCN II nor UCN III bind to CRH-BP, whereas CRH and UCN do
(Lewis et al. 2001). Binding of CRH/UCN by CRH-BP results in CRH/UCN in-
activation and decreased ACTH release in vitro (Cortright et al. 1995). Besides
pituitary corticotropes, the CRH-BP is predominantly expressed in the cerebral
cortex, subcortical limbic structures, the raphe nuclei, and several brainstem
nuclei (Potter et al. 1992). CRH-BP is present in both neurons and astrocytes,
and its expression overlaps with CRH and CRH receptor expression in several
areas. These areas of co-expression suggest that the CRH-BP exerts a mod-
ulatory effect on CRH-CRH receptor-interaction, which is corroborated by
40%-60% of CRH in the brain being bound to the CRH-BP (Behan et al. 1995b).

23
Anxiogenesis: Activation of CRHR1 and Dual Mode of Action of CRHR2

Numerous investigations in animals have described anxiogenic-like effects
after CRH administration (Dunn and Berridge 1990). These effects are likely to
be mediated through the CRH1 receptor, as CRHRI antagonistic approaches
have anxiolytic-like properties in most, but not all anxiety paradigms (e.g.,
Liebsch et al. 1995; Griebel et al. 1998; Keck et al. 2001a). The effectiveness of
CRHRI1 blockade to reduce anxiety is likely to depend on the animal’s stress
level, as it has been shown that CRHR1 antagonists acted anxiolytic-like after
stress exposure, but not under basal conditions in “normal” rats (e.g., Griebel
et al. 1998). However, in selectively bred rats with innate hyperanxiety and
a hyperactive HPA system, administration of a CRHR1 antagonist exerted
anxiolytic properties under basal conditions (Keck et al. 2001). On the other
hand, studies looking at the effects of CRH-BP inhibitors, which will increase
CRH activity specifically in cortical areas including the hippocampus, failed
to find significant increases in anxiety-related behavior (Behan et al. 1995a,b),
suggesting that CRH mediates anxiety at a subcortical level, e.g., within the
lateral septum, the central amygdala and periaqueductal gray.

Beyond CRHRI, recent pharmacological experiments point towards a com-
plex involvement of the CRHR2 in anxiety. Central administration of UCN,
an endogenous ligand for CRHR2, has been shown to induce a variety of ef-
fects, including behavioral consequences such as increased anxiety (Moreau
et al. 1997; Slawecki et al. 1999). However, as UCN can bind and activate
both CRH receptor subtypes, i.c.v. administered UCN might activate receptors
non-selectively in areas where endogenous UCN may not exist. Interestingly,
activation of the CRHR2 can result in either anxiolysis or anxiogenesis depend-
ing on when the animal is tested and, possibly, where the receptor is localized
(Takahashi2001; Reul and Holsboer 2002). CRHR?2 activation in the lateral sep-
tum increased anxiety-like behavior after 30 min, which could be prevented by
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pretreatment with the CRHR2 antagonist anti-sauvagine-30 (Radulovic et al.
1999). In contrast, i.c.v. administration of the selective CRHR2 agonist UCN II
had no short-term effects, but after 4 hours resulted in reduced anxiety-related
behavior (Valdez et al. 2002). Thus, CRHR2 in the brain is capable of reduc-
ing anxiety in a delayed fashion. The anxiogenic and anxiolytic properties of
CRHR2 are certainly not paradoxical, because they operate in different time
domains after stress.

Combining molecular genetics with behavioral pharmacology, however,
studies with antisense probes that selectively reduce CRH receptor subtype
levels and transgenic mouse models have indicated that CRHR1 might be the
primary target of interest at which selective compounds should be directed
to treat pathological anxiety (Keck and Holsboer 2001; Liebsch et al. 1995,
1998; Skutella et al. 1998; Timpl et al. 1998). One compound recently exam-
ined is R121919, a high-affinity non-peptide CRHR1 antagonist (Keck et al.
2001, 2003b; Lancel et al. 2002; Heinrichs et al. 2002; Gutman et al. 2003). In
an open-label trial in patients suffering from major depression, a dose esca-
lation strategy was employed which led to a 50% reduction in anxiety and
depression scores comparable to that obtained with the selective serotonin
reuptake inhibitor paroxetine (Keck and Holsboer 2001). Such effects were
achieved at dosages that did not hamper the ACTH and cortisol response to
CRH stimulation (Zobel et al. 2000; Kiinzel et al. 2003).

However, the possibility has to be kept in mind that, in addition to CRHR1
hyperfunction, CRHR2 hypofunction might play an important role in anxiety
disorders and that an impaired CRHR2-mediated anxiolysis might result in an
extended state of anxiety and arousal.

24
Vasopressin: Increasingly Recognized Importance

Beyond hyperactivity of central CRH neuropeptidergic circuits, AVP neuronal
systems are thought to play a causal role in the etiology and symptomatol-
ogy of anxiety disorders (Hokfelt et al. 2000; Keck and Holsboer 2001; Keck
et al. 2002, 2003b). In support of this, AVP has been shown to exert both be-
havioral effects, such as increased anxiety following intracerebroventricular
administration, and to increase CRH-induced ACTH secretion from pituitary
corticotrope cells (Antoni 1993; Landgraf et al. 1998; Bhattacharya et al. 1998;
Insel and Young 2000). After prolonged stress, AVP is increasingly expressed
and released from hypothalamic neurons in both humans and rodents (e.g.,
Antoni 1993; Keck et al. 2000). In a clinical study, plasma AVP concentrations
were found to be significantly correlated with anxiety-related symptoms in
healthy volunteers in response to an anxiogenic drug challenge (Abelson et al.
2001). Moreover, administration of the non-peptide AVP 1b (V) receptor
antagonist SSR149415 was shown to display anxiolytic and antidepressant-like
effects in rodents (Griebel et al. 2002). Similarly, the AVP 1a (Vi,) receptor,
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which is highly expressed in the rat lateral septum, thalamic nuclei, and the
amygdalostriatal transition area (Barberis and Tribollet 1996), is well known
to play a role in a variety of behaviors such as the modulation of emotion-
ality and stress coping (review: Landgraf et al. 1998). Specifically, septal AVP
has been shown to increase anxiety-related behavior in rats (Landgraf et al.
1995; Liebsch et al. 1996; Ebner et al. 1999). Accordingly, in rats displaying
an innately increased anxiety-related behavior, Vi,-binding sites were higher
in the lateral septum when compared to low-anxiety rats (Keck et al. 2003b).
In these high-anxiety rats, elevated levels of intra-PVN AVP also were found
and chronic administration of paroxetine, a clinically well-established antide-
pressant, normalized aberrant behavioral and neuroendocrine patterns in this
psychopathological animal model (Keck et al. 2003b). Since it was recently
demonstrated that a hypothalamic vasopressinergic hyperdrive accounts for
the disturbance in HPA system regulation prevalent in these rats (Keck et al.
2002), the paroxetine-induced reduction of vasopressinergic overexpression
indicates that this neuropeptidergic system may be critically involved in the
action of antidepressant drugs known to be effective in the treatment of anxiety
disorders (Keck et al. 2003b).

3
Gene Targeting: Promises and Caveats

In recent years, it has become possible to genetically alter the mouse genome
with nucleotide precision (Miiller 1999; Miiller and Keck 2002). The modifi-
cation of genetic information opens up the possibility to study the biological
organization of an organism following such manipulation: transgenic mice
have become an invaluable tool to dissect the functions of individual compo-
nents of complex biological systems. Modifying genes that encode components
of the HPA system allows investigation of how the organism organizes certain
aspects of neuroendocrine and behavioral functions in response to this change
(Nelson 1997). However, as with all techniques, there are some limitations to
this approach. For example, the products of many genes are essential to nor-
mal function, and inactivating the gene may prove lethal or induce gross or
even subtle morphological or physiological abnormalities that can compli-
cate interpretation of discrete behavioral effects. Unexpected compensatory or
redundancy mechanisms might be activated when a gene is missing, cloud-
ing interpretation of the normal contribution of the gene to behavior (Moran
et al. 1996). Behavioral tests study the effects of the missing gene (and gene
product), not the effects of the gene directly—a conceptual problem that is
shared with all ablation studies. Moreover, deletion of individual genes is
not providing animal models for certain behavioral pathologies, as these are
caused by a manifold of minor changes in a series of so-called susceptibil-
ity genes.
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Another important problem is the question of the genetic background in
transgenic mouse lines. The issue of background variability and its impact on
the analysis of mouse mutants has gained widespread attention (e.g., Lathe
1996) and recommendations concerning appropriate strain derivation have
been proposed (Silva 1997). Both naturally occurring and targeted mutations
can have diverse phenotypes when studied on different genetic backgrounds.
The mixed genetic background of the vast majority of knockout mice may also
affect the outcome of behavioral testing (Crabbe et al. 1999).

3.1
CRH Overexpression: Novel Insights into Old Problems

In 1992, a transgenic mouse line overexpressing CRH was developed (Stenzel-
Poore et al. 1992). These animals exhibit prominent endocrine abnormalities
involving the HPA system, such as high plasma levels of ACTH and corti-
costerone. CRH transgenic mice display physical changes similar to those of
patients with Cushing’s syndrome, such as excess fat accumulation, muscle
atrophy, thin skin, and alopecia (Stenzel-Poore et al. 1992). Behavioral analysis
revealed increased anxiety-related behavior when transgenic mice were tested
in a light/dark box (Heinrichs et al. 1997) or on the elevated plus-maze. In
the latter paradigm, increased anxiety-related behavior in transgenic animals
could be reversed by administration of the non-selective CRH antagonist o-
helical CRH (Stenzel-Poore et al. 1994). Interestingly, adrenalectomy did not
attenuate the anxiogenic effect of CRH overproduction, although it normalized
plasma corticosterone levels in these animals (Heinrichs et al. 1997), suggest-
ing that the behavioral effects of CRH overexpression are mediated centrally
and via the CRH receptor rather than being an effect of enhanced GR acti-
vation due to increased corticosterone levels. CRH overexpressing transgenic
mice have been reported to be impaired in learning forced-choice alternation
and water maze place navigation tasks. Interestingly, however, the place navi-
gation deficit seen in transgenic mice was attenuated by administration of the
potent anxiolytic benzodiazepine chlordiazepoxide. This in turn suggests that
the navigation deficit seen in transgenic animals was possibly confounded by
heightened anxiety or over-arousal (Heinrichs et al. 1996).

3.2
CRH Knockout

To further evaluate the role of CRH in both neuroendocrine and behavioral
functions, a mammalian model of CRH deficiency has been generated by
targeted mutation in embryonic stem cells (Muglia et al. 1995). CRH-deficient
mice reveal a fetal glucocorticoid requirement for lung maturation. Postnatally,
they display marked glucocorticoid deficiency and an impaired endocrine
response to stress (Jacobson et al. 2000; Muglia et al. 1995).
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Surprisingly, no gross behavioral abnormalities have been reported with
these animals. Anxiety-related behavior is comparable between mutants and
wildtype animals, regardless of whether it is measured under basal condi-
tions or after stress exposure (Dunn and Swiergiel 1999; Weninger et al. 1999),
despite the fact that glucocorticoid levels are greatly reduced, which might
have been expected to influence anxiety-related and cognitive behavior (Ko-
rte 2001).

Interestingly, both the non-selective CRH antagonist a-helical CRH and
the CRHR1 antagonist CP-154,526 showed comparable anxiolytic activities in
mutant and wildtype mice when tested in fear conditioning (Weninger et al.
1999). This in turn suggests that blockade of CRHRI1 is anxiolytic, but that
another CRH-related peptide or yet-unidentified CRH receptor ligand could
have compensated for the CRH deficiency in these animals.

33
Urocortin Knockout

Mice carrying a null mutation of the UCN gene were generated in 2002 (Vetter
et al. 2002). UCN-deficient animals showed heightened anxiety-like behaviors
in different behavioral testing paradigms while the HPA response to stress
was found to be normal. The latter finding supports the view that endogenous
UCN is not involved in regulation of the HPA system in response to acute
stress, or has a minor or redundant role in such responses. A discrepancy
observed between UCN-null mice and studies in which UCN was adminis-
tered centrally concerns the role of UCN in anxiety. Central administration
of UCN in rats can elicit anxiety-like behavior (Moreau et al. 1997; Slawecki
et al. 1999) and it has been hypothesized that this could be due to activa-
tion of CRHR1. The discrepancy between the pharmacological studies and
genetically engineered mice may be explained by considering that centrally
administered UCN might non-selectively activate several receptor systems in
the brain, resulting in the described anxiety-like behavior. Another explana-
tion could be the fact that UCN knockouts have a reduction in levels of CRHR2
mRNA in the lateral septum (Vetter et al. 2002). Anatomical studies show
that abundant UCN-expressing fibers originating from UCN-immunoreactive
fibers in the Edinger-Westphal nucleus terminate in the lateral septum (Bit-
tencourt et al. 1999). It has been demonstrated that a significant increase of
UCN mRNA in the Edinger-Westphal nucleus and of CRHR2 mRNA in the
lateral septum occurs in rats treated chronically with benzodiazepine anxi-
olytics (Skelton et al. 2000). Therefore, these data derived from UCN-null mu-
tants and from pharmacological studies suggest that UCN-immunoreactive
neurons in the Edinger-Westphal nucleus may modulate anxiety in opposi-
tion to the actions of CRH itself, and possibly through CRHR?2 in the lateral
septum.
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34
CRH-Binding Protein

3.4.1
CRH-Binding Protein-Overexpressing Mice

Two different transgenic mouse mutants overexpressing CRH-BP have been
independently generated (Burrows et al. 1998; Lovejoy et al. 1998). The mouse
line by Lovejoy and colleagues shows increased CRH-BP level in brain and
plasma. In contrast to wildtype mice, these animals also express CRH-BP
ectopically in peripheral tissues including liver, kidneys, and spleen (Lovejoy
et al. 1998). Basal plasma ACTH and corticosterone levels in these mutants are
indistinguishable from those of wildtype littermates, but a significantly lower
ACTH secretion was seen in male but not female transgenic mice following HPA
system challenge with lipopolysaccharide (LPS). In contrast, no difference in
corticosterone levels could be detected following LPS administration (Lovejoy
et al. 1998). However, as pointed out by the authors, it should be noted that the
expression profile for CRH-BP in these transgenic mice is very different from
expression pattern in wildtype mice, which could lead to numerous unforeseen
alterations. Unfortunately, behavioral data on this transgenic mouse line have
not been reported.

A second CRH-BP transgenic mouse line with overexpression of CRH-BP
has been published by Burrows and colleagues (1998). These animals express
CRH-BP under the control of the pituitary glycoprotein hormone a-subunit
(a-GSU) promoter, which is thought to limit transgene expression to the de-
veloping anterior pituitary, although occasional expression was also detected
in additional brain regions such as the lateral septum. Given that excess CRH-
BP will bind more CRH at the level of the anterior pituitary, these transgenic
animals should suffer from attenuation of CRH receptor activation on pitu-
itary corticotropes, what might be expected to lead to decreased activity of the
HPA system. However, these transgenic animals have normal plasma ACTH
and corticosterone levels under basal conditions and following restraint stress.
Hypothalamic CRH and AVP expression are increased in the PVN, most likely
reflecting potential compensatory mechanisms to maintain HPA system activ-
ity (Burrows et al. 1998).

Behavioral analyses revealed that the mice overexpressing CRH-BP exhibit
increased locomotor activity in a novel environment (Burrows et al. 1998). In
addition, a tendency towards decreased anxiety-related behavior was observed
on the elevated plus maze, which would be in line with limited availability of
free CRH due to enhanced binding by CRH-BP in these animals.

3.4.2
CRHBP Knockout

CRH-BP is a 37-kDa secreted glycoprotein that binds, as was stated earlier,
CRH and other CRH-related peptides with high affinity (Kemp et al. 1998).
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Binding of CRH by CRH-BP results in CRH inactivation and decreased ACTH
release in vitro (Cortright et al. 1995). To investigate directly the CRH-BP
function, a mouse model of CRH-BP deficiency has been created by gene
targeting (Karolyi et al. 1999). Under basal conditions as well as following stress
exposure, HPA axis function is normal in these animals. However, increased
anxiety-like behavior was observed in an open field, on the elevated plus maze,
and in the dark-light test (see also chapter by Ohl, this volume), consistent with
the possibility that lack of CRH-BP would increase free CRH and UCN, but this
was not directly demonstrated. However, the data suggest that the increased
anxiety-like behavior in CRH-overexpressing transgenic mice (Heinrichs et al.
1997; Stenzel-Poore et al. 1994) is likely due to central effects, as CRH-BP
knockout mice showed altered anxiety-related behavior despite unaltered HPA
axis activity.

3.5
CRHR1 Knockout

3.5.1
Conventional CRHR1 Knockout: Decreased Anxiety-Related Behavior
and Alcohol Problems

To investigate the physiological role of CRHRI1 in both anxiety-related behavior
and HPA system regulation, two mouse lines deficient for CRHRI have been
independently generated (Smith et al. 1998; Timpl et al. 1998). Their phenotype
confirms the obligatory role of CRHRI in both the stress-associated response
of the HPA system and anxiety: in particular, homozygous CRHRI mutants dis-
play a severe impairment of stress-induced HPA system activation and marked
glucocorticoid deficiency. In addition, homozygous mutants exhibit increased
exploratory activity and significantly reduced anxiety-related behavior under
both basal conditions and following alcohol withdrawal (Timpl et al. 1998).
There is a relation between stress, anxiety disorders, and alcohol drink-
ing. Stressful life events and maladaptive responses to stress influence alcohol
drinking and relapse behavior (e.g., Kreek and Koob 1998) and there is a sub-
stantial comorbidity between anxiety disorders and alcohol abuse (Kessler
etal. 1996). Mice lacking a functional CRHR1 represent a useful animal model
to address the question of whether or not a dysfunctional CRH/CRHRI system
influences the individual vulnerability for alcohol drinking. CRHR1 knockout
mice did not differ from wildtype animals in alcohol intake and preference un-
der stress-free housing conditions. After repeated stress, however, the mutant
mice markedly increased their alcohol consumption, which persisted at an ele-
vated level throughout their life. This behavior in knockout mice was found to
be associated with enhanced protein levels of the N-methyl-p-aspartate recep-
tor subunit NR2B, which is an ethanol-sensitive site and is also influenced by
stress (Sillaber et al. 2002). Alterations in the CRH receptor 1 gene-, therefore,
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may constitute a genetic risk factor for stress-induced alcohol drinking and
alcoholism.

Despite the lack of functional CRHR1 on pituitary corticotropes, basal
plasma ACTH concentrations in homozygous CRHR1 mutants are similar to
those found in wildtype controls (Timpl et al. 1998), suggesting that basal
ACTH secretion is stimulated via signaling pathways other than CRH/CRHRI.
Since the discovery of CRH by Vale et al. (1981), it was rapidly established that
AVP potently synergizes with CRH to stimulate pituitary ACTH release; when
CRH and AVP are given together, hormone output is well above the added
effects of the two peptides alone, both in rodents and in humans (Gillies et al.
1982; von Bardeleben et al. 1985). This CRH/AVP synergism is known to be
functionally relevant under both physiological (Keck et al. 2000; Rivier and
Vale 1983a) and pathophysiological conditions such as stress (De Goeij et al.
1992; Rivier and Vale 1983b), glucocorticoid deficiency (Kiss et al. 1984; Kovdcs
et al. 2000), or altered innate emotionality (Keck et al. 2002). Indeed, evidence
was provided that the hypothalamic vasopressinergic system is significantly
activated to maintain pituitary ACTH secretion in homozygous CRHR1 mu-
tants (Miiller et al. 2000). Following continuous treatment with corticosterone,
plasma AVP levels in homozygous CRHR1-knockout mice were indistinguish-
able from those of wildtype littermates, thus providing evidence that glucocor-
ticoid deficiency is the major driving force behind compensatory activation of
the vasopressinergic system in CRHR1 mutants.

Selective serotonin reuptake inhibitors such as paroxetine and citalopram
are a first-line treatment of anxiety disorders. Studies on the interaction be-
tween CRH and serotonergic neurotransmission, therefore, may be relevant for
the understanding of the etiology of stress-related psychiatric conditions such
as anxiety disorders. By use of in vivo microdialysis studies it could be shown
that CRHRI1 deficiency resulted in an enhanced synthesis of serotonin during
basal conditions and in an augmented release of hippocampal serotonin in
response to stress (Penalva et al. 2002). These findings underline the intricate
relationship between CRH and serotonin and the important role of the CRHR1
herein and suggest that CRHR1 inactivation might represent a new avenue to
modulate serotonergic neurotransmission in anxiety disorders.

3.5.2
Conditional CRHR1 Knockout

To further dissect CRH/CRHR1 central nervous system pathways modulating
behavior from those regulating neuroendocrine function, a region-specific,
conditional knockout mouse line (CRHR1'*PoxP Cq MKII Cre) was generated
at the Max Planck Institute of Psychiatry in Munich. In this mouse line, CRHR1
function is inactivated postnatally in forebrain and limbic brain structures
while sparing hypothalamic and pituitary expression sites to leave HPA sys-
tem regulation intact. Selective disruption of CRH/CRHRI signaling path-
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ways in behaviorally relevant limbic neuronal circuitries significantly reduced
anxiety-related behavior. The anxiety-reduced phenotype of CRHR1!xP/loxP
CaMKIIaCre conditional mutants was confirmed in two different behavioral
paradigms based on the natural avoidance behavior of mice, the light/dark
box paradigm, and the elevated plus-maze test. Basal activity of the HPA sys-
tem was normal in the conditional mutant mice (Miiller et al. 2003). Thus,
CRHRI1 deficiency outside the CRH system responsible for HPA system reg-
ulation is able to reduce anxiety. This finding underlines the fact that central
neuropeptidergic circuits other than those driving the peripherally accessible
HPA system act independently and could be therapeutic targets of antagonist
actions (Holsboer 2003).

3.6
CRHR2 Knockout: Increased Anxiety-Related Behavior?

Compared to CRHRI mutants, behavioral and endocrine analysis of CRHR2
knockout mice has provided a less clear picture. Three different knockout lines
deficient for CRHR2 have been independently created (Bale et al. 2000; Coste
et al. 2000; Kishimoto et al. 2000). Interestingly, significant differences in as-
pects of both the endocrine and behavioral phenotype were described between
the three knockout mouse lines, pointing towards the fact that most likely the
genetic background of genetically engineered mice might play a crucial role,
especially when dealing with subtle behavioral alterations (e.g., Lathe 1996).

The neuroendocrine analyses of CRHR2-deficient mice suggest that CRHR2
supplies regulatory features to the HPA system’s stress response (Coste et al.
2000); although initiation of the stress response appears to be normal, CRHR2
knockout mice show early termination of ACTH release, suggesting that CRHR2
is involved in maintaining HPA system drive. CRHR2 also appears to modify
the recovery phase of the HPA response, as corticosterone levels remain sig-
nificantly elevated 90 min after the end of the stressor in CRHR2 mutants.
These endocrine findings were replicated in a second, independently gener-
ated CRHR2-deficient mouse line (Bale et al. 2000). Kishimoto and colleagues,
in contrast, failed to detect any significant phenotype in basal and stress-
induced HPA system regulation in their CRHR2 knockout line. This finding,
however, is most likely because their endocrine analysis was limited to one
single time point after stress exposure (Kishimoto et al. 2000).

Taken together, these changes in HPA responses to stress suggest that CRHR1
and CRHR2 act in an antagonistic manner: CRHR1 activates and CRHR2 atten-
uates the stress response. It has been suggested that UCN and the CRH2« recep-
tor may represent an “antiparallel” stress system to the CRH/CRHRI system
(Skelton et al. 2000). The sites of these antagonistic actions are currently un-
known, but might include the pituitary gland, the PVN, and brain areas provid-
ing afferent input to the PVN, such as the amygdala (Reul and Holsboer 2002).
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The physiological role of CRHR2 in mediating anxiety-like behavior has
been the subject of a controversial discussion. Indeed, the behavioral perfor-
mance reveals significant differences between the three independently created
CRHR2-deficient mouse lines. Whereas Coste et al. (2000) found no differences
in anxiety-related behavior, Bale and co-workers (2000) and Kishimoto et al.
(2000) detected a significant increase in anxiety-like behavior in their CRHR2
mutants. Interestingly, the latter behavioral phenotype could be observed only
in male, but not in female CRHR2-deficient mice.

3.7
CRHR1/CRHR2 Double Knockout: Life Without CRH Receptors

CRHR2/CRHR2 double knockout mice were first generated in 2001. Studies
on the HPA axis in these animals confirmed the data obtained with the single
gene mutants, although the CRHRI mutation had a dominating influence (Preil
et al. 2001). It could be shown that mice lacking both known CRH receptors
are still viable, again pointing towards the importance of compensatory path-
ways maintaining and activating HPA system activity under both basal and
stress-associated conditions. In line with this, AVP mRNA levels were found
to be increased in double-mutant mice. Later, these data were confirmed by
others (Bale et al. 2002). Results from testing for anxiety-like behaviors showed
that the double-mutant mice are sexually dichotomous. Although the female
double-mutant mice displayed less anxiety-like behavior, the male double-
mutants showed more anxiety-like behavior compared with the females (Bale
et al. 2002).

3.8
V1 Receptor Knockout: Reduced Aggression

In the rat, extrahypothalamic AVP-containing neurons have been character-
ized mainly in the medial amygdala and the BNST, which innervate limbic
structures such as the lateral septum and the ventral hippocampus (e.g., Caffé
et al. 1987). In these brain regions, AVP acts as a neurotransmitter, exert-
ing its action by binding to specific G protein-coupled receptors, i.e., Vi,
and Vj,, (Barberis and Tribollet 1996; Hernando et al. 2001). To further elu-
cidate the role of Vy receptors, null mutant mice were generated. These V
receptor-null mutant mice show significantly reduced aggression when tested
in a resident-intruder paradigm (Wersinger et al. 2002). This finding might
also be indicative of a decreased anxiety-related behavior. Anxiety-related be-
havior on the elevated plus-maze, however, was found to be indistinguishable
between knockouts and wildtype mice. This observation is in line with the
finding that infusion of an Vj, antisense oligodeoxynucleotide into the rat
lateral septum has been shown to exert anxiolytic effects (Landgraf et al. 1995)
pointing towards the fact that in the context of anxiety-related behavior the Vi,
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receptor subtype might be more important. With respect to HPA system regu-
lation, basal and stress-induced plasma corticosterone concentrations showed
no difference between Vi, receptor-null mutant mice and their wildtype lit-
termates. Data on ACTH release, however, have not been published so far.
Concerning the important role of AVP in learning and memory, V;, knockouts
displayed a slight impairment in the social recognition test (olfactory-cued
memory) but not in the Morris water maze task (spatial memory) (Wersinger
et al. 2002).

3.9
GR: Myth and Reality

3.9.1
GR Antisense Transgenics: Born to Be Brave

To further elucidate the role of impaired GR signaling in psychiatric disor-
ders, a transgenic mouse expressing antisense to GR mRNA was generated
(Pepin et al. 1992). The transgene is driven by a neurofilament promoter and is
therefore primarily active in neuronal tissue, resulting in a markedly reduced
GR mRNA expression in the brain. Accordingly, HPA axis regulation in the
antisense GR transgenic mice is heavily disturbed, as shown by a reduced glu-
cocorticoid negative feedback efficiency, enhanced CRH- and stress-induced
increases in plasma ACTH and adrenocortical hyperresponsiveness to ACTH
(Barden et al. 1997; Montkowski et al. 1995). Paradoxically, activity of hypotha-
lamic parvocellular CRH neurons is reduced in the PVN, herewith suggesting
that a number of phenotypic changes in the physiology and behavior of these
mice may be a consequence of hypothalamic CRH hypoactivity rather than of
altered GR function per se (Dijkstra et al. 1998). In this context, the decreased
anxiety-related behavior of GR antisense transgenic mice (Montkowski et al.
1995; Rochford et al. 1997) may be secondary to neuronal CRH hypoactivity
(Dijkstra et al. 1998).

Complex interactions between serotonergic systems and the HPA axis have
been described, and alterations of both systems have been evidenced in anxiety
disorders. In order to gain insight into the role of GR in the regulation of sero-
tonergic neurotransmission, a number of studies have been conducted in GR
transgenics. GR-impaired mice were shown to have a reduced basal serotonin
metabolism in the hippocampus and a delayed stress-induced stimulation of
serotonin metabolism in the brain stem and hippocampus (Farisse et al. 1999).
In contrast, in another study, as measured by in vivo microdialysis, no basal
differences in hippocampal serotonin were found, whereas the stress-induced
rise in serotonin was increased in GR-impaired mice. This finding suggests
that lifelong GR impairment evolves in hyperresponsiveness of the raphe-
hippocampal serotonergic system (Linthorst et al. 2000). As GR-impaired mice
display reduced activity of hypothalamic CRH neurons (Dijkstra et al. 1998),
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this hyperresponsiveness of hippocampal serotonin may result from adapta-
tions of the serotonergic system to a long-term hypoactivity of the CRH sys-
tem. In support of this is the finding that long-term elevated levels of central
CRH cause hyporesponsiveness of hippocampal serotonin to an acute stressor
(Linthorst et al. 1997).

3.9.2
Conditional GR Knockouts: Reduced Versus Unchanged Anxiety-Related Behavior

Since conventional disruption of GR signaling is lethal shortly after birth due to
lung failure (Cole et al. 1995), a conditional GR-knockout where GR function
is selectively disrupted in the nervous system has been generated (Tronche
et al. 1999). Using the Cre/loxP system to achieve tissue-specific gene inac-
tivation, expression of Cre under the control of the rat nestin promoter and
enhancer results in a selective disruption of GR in neuronal and glial cell pre-
cursors (Tronche et al. 1999). Mutant mice (GRN¢*C") display several symptoms
characteristic of patients suffering from Cushing’s syndrome, a disease char-
acterized by elevated levels of glucocorticoids. In GRN" mice, basal morn-
ing plasma corticosterone levels were significantly increased, whereas plasma
ACTH concentrations were moderately reduced. Stress-induced plasma ACTH
and corticosterone levels were unaltered in conditional GR mutants. CRH ex-
pression in the paraventricular nucleus was found to be increased, most likely
because negative feedback on paraventricular CRH neurons, predominantly
mediated via GR, is disrupted.

Further, disruption of the GR in the nervous system results in reduced
anxiety-like behavior. In two tests based on the natural avoidance behavior
of mice (dark-light-emergency task and elevated zero-maze; see also chapter
Ohl, this volume), significantly reduced anxiety-like behavior was recorded
while the general locomotor activity of mutant and control mice was similar
(Tronche et al. 1999).

Ligand-activated GRs control transcription either by binding as homod-
imers or heterodimers (together with a MR molecule) to positive or negative GC
response elements (pGREs or nGREs) in the promoter region of GC-regulated
target genes. Alternatively, the GR can act as a monomer by interacting with
a transcription factor through protein-protein interactions. By introducing
a point mutation in one of the dimerization domains of the GR, formation of
GR-GR dimers is no longer possible, allowing dissection of GR effects that
require DNA binding from effects upon gene activity through GR interaction
with transcription factors (Reichardt et al. 1998). In these mice, where dimer-
ization of GRs is abandoned, CRH mRNA and CRH were normal, suggesting
that GR regulates CRH not through dimers, but either through a nGRE that
downregulates target gene activity via GR monomers or via protein-protein
interactions, i.e., a GR binding to a transcription factor. These animals display
normal anxiety-related behavior, but impaired spatial memory, suggesting that
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these two behaviorbehavioral features are regulated through different nuclear
mechanisms of the GR (Oitzl et al. 2001).

3.9.3
Conditional GR Overexpression: Preliminary Results

So far, data on conditional overexpression of GR under the brain-region specific
promoter calcium-calmodulin-dependent kinase Ila (CaMKIIa) have been
presented only in abstract form (Wei et al. 2001). Those conditional GRs
overexpressing mice were reported to display normal locomotor activity, but
increased anxiety-related behavior in the dark-light test. Basal plasma ACTH
and corticosterone levels were reported to be indistinguishable from wildtype
littermates. The expression of CRH mRNA was increased in the central nucleus
of the amygdala, rostral part, whereas CRH levels in the PVN and BNST
remained unchanged. It was suggested that conditional GR-overexpressing
mice may provide a suitable model for increased anxiety-related behavior not
secondary to altered levels of circulating stress hormones.

4
Summary

The cumulative evidence makes a strong case that the neuroendocrine and be-
havioral phenotypes of anxiety disorders are at least in part mediated via mod-
ulation of CRH and AVP neurocircuitry and that normalization of an altered
neurotransmission after treatment may lead to restoration of disease-related
alterations. Although this concept was originally derived from peripheral HPA
assessments in depressed patients, it is now clear that central CRH and AVP
neuropeptidergic circuits other than those driving the peripherally accessible
HPA system may well be overactive and could be therapeutic targets of an-
tagonist actions (Holsboer 2003). The combination of molecular genetics with
behavioral pharmacology has indicated that CRHR1 might be the primary
target of interest at which selective compounds should be directed to treat
pathological anxiety. In addition to CRHR1 hyperfunction, however, CRHR2
hypofunction may play an important role in anxiety disorders, since an im-
paired CRHR2-mediated anxiolysis is likely to result in an extended state of
anxiety and arousal. Moreover, there is increasing evidence that dysfunction of
AVP neuronal circuitries including both receptor Vi, and receptor Vy could
result in altered anxiety states.

It is important to point out that deletion of individual genes is not providing
animal models for certain behavioral pathologies that are caused by a manifold
of minor changes in a series of so-called susceptibility genes. To make a clinical
phenotype overt, a number of exogenous factors, e.g., stressful life events and
a susceptible genetic endowment, need to interact in at least most of the cases
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of multigenetic psychiatric diseases. Clearly, in most of the complex genetic
diseases, the phenotype results from an interaction between the genotype and
environment. It is of interest, therefore, that molecular genetics has finally led
us beyond the “nature-nurture” dichotomy in underlining the importance of
the interaction between genes and environment. A realistic assessment of fea-
sible goals would include predictions from genotype/phenotype correlations
for treatment response rather than for causality of stress-related disorders.

References

Abelson JL, Le Melledo JM, Bichet DG (2001) Dose response of arginine vasopressin to the
CCK-B agonist pentagastrin. Neuropsychopharmacology 24:161-169

Antoni FA (1993) Vasopressinergic control of pituitary adrenocorticotropin secretion comes
of age. Front Neuroendocrinol 14:76-122

Asaba K, Makino S, Hashimoto K (1998) Effect of urocortin on ACTH secretion from
rat anterior pituitary in vitro and in vivo: comparison with corticotropin-releasing
hormone. Brain Res 806:95-103

Bale TL, Contarino A, Smith GW, Chan R, Gold LH, Sawchenko PE, Koob GEF, Vale WW,
Lee KF (2000) Mice deficient for corticotropin-releasing hormone receptor-2 display
anxiety-like behaviour and are hypersensitive to stress. Nat Genet 24:410-414

Bale TL, Picetti R, Contarino A, Koob GF, Vale WW, Lee KF (2002) Mice deficient for both
corticotropin-releasing factor receptor 1 (CRFR1) and CRFR2 have an impaired stress
response and display dichotomous anxiety-like behavior. ] Neurosci 22:193-199

Barberis C, Tribollet M (1996) Vasopressin and oxytocin receptors in the central nervous
system. Crit Rev Neurobiol 10:119-154

Barden N, Stec IS, Montkowski A, Holsboer E, Reul JM (1997) Endocrine profile and neu-
roendocrine challenge tests in transgenic mice expressing antisense RNA against the
glucocorticoid receptor. Neuroendocrinology 66:212-220

Behan DP, De Souza EB, Lowry PJ, Potter E, Sawchenko P, Vale WW (1995a) Corticotropin
releasing factor (CRF) binding protein: a novel regulator of CRF and related peptides.
Front Neuroendocrinol 16:362-382

Behan DP, Heinrichs SC, Troncosco JC, Liu XJ, Kawas CH, Ling N, De Souza EB (1995b)
Displacement of corticotropin-releasing factor from its binding protein as a possible
treatment for Alzheimer’s disease. Nature 1995b; 378:284-287

Bhattacharya SK, Bhttacharya A, Chakrabarti A (1998) Anxiogenic activity of intraventric-
ularly administered arginine-vasopressin in the rat. Biogenic Amines 14:367-385

Bittencourt JC, Vaughan J, Arias C, Rissman RA, Vale WW, Sawchenko PE (1999) Urocortin
expression in rat brain: evidence against a pervasive relationship of urocortin-containing
projections with targets bearing type 2 CRF receptors. ] Comp Neurol 415:285-312

Burrows HL, Nakajima M, Lesh JS, Goosens KA, Samuelson LC, Inui A, Camper SA,
Seasholtz AF (1998) Excess corticotropin releasing hormone-binding protein in the
hypothalamic-pituitary-adrenal axis in transgenic mice. J Clin Invest 101:1439-1447

Caffé AR, van Leeuwen FW, Luiten PGM (1987) Vasopressin cells in the medial amyg-
dala of the rat project to the lateral septum and ventral hippocampus. ] Comp Neurol
261:237-252

Chalmers DT, Lovenberg TW, De Souza EB (1995) Localization of novel corticotropin-
releasing factor receptor (CRF2) mRNA expression to specific subcortical nuclei in rat
brain: comparison with CRF1 receptor mRNA expression. ] Neurosci 15:6340-6350



134 M.E. Keck and M. B. Miiller

Chalmers DT, Lovenberg TW, Grigoriadis DE, Behan DP, De Souza EB (1997) Corticotrophin-
releasing factor receptors: from molecular biology to drug design. Trends Pharmacol Sci
17:166-172

Cole TJ, Blendy JA, Monaghan AP, Krieglstein K, Schmid W, Aguzzi A, Fantuzzi G, Humm-
ler E, Unsicker K, Schiitz G (1995) Targeted disruption of the glucocorticoid receptor gene
blocks adrenergic chromaffin cell development and severely retards lung maturation.
Genes Dev 9:1608-1621

Contarino A, Dellu F, Koob G E Smith GW, Lee KE Vale W, Gold LH (1999) Reduced
anxiety-like and cognitive performance in mice lacking the corticotropin-releasing fac-
tor receptor 1. Brain Res 835:1-9

Cortright DN, Nicoletti A, Seasholtz AF (1995) Molecular and biochemical characteriza-
tion of the mouse brain corticotropin-releasing factor (CRF)-binding protein. Mol Cell
Endocrinol 111:147-157

Coste SC, Kesterson RA, Heldwein KA, Stevens SL, Heard AD, Hollis JH, Murray SE, Hill JK,
Pantely GA, Hohimer AR, Hatton DC, Phillips TJ, Finn DA, Low M]J, Rittenberg MB,
Stenzel P, Stenzel-Poore MP (2000) Abnormal adaptations to stress and impaired car-
diovascular function in mice lacking corticotropin-releasing hormone receptor-2. Nat
Genet 24:403-409

Crabbe JC, Wahlsten D, Dudek BC (1999) Genetics of mouse behavior: interactions with
laboratory environment. Science 284:1670-1672

de Goeij DCE, Dijkstra H, Tilders FJH (1992) Chronic psychological stress enhances va-
sopressin, but not corticotropin-releasing factor, in the external zone of the median
eminence of male rats: relationship to subordinate status. Endocrinology 131:847-853

de Kloet ER, Vreugdenhil E, Oitzl MS, Joels M (1997) Glucocorticoid feedback resistance.
Trends Endocrinol Metab 8:26-33

De Kloet ER, Vreugdenhil E, Oitzl MS, Joels M (1998) Brain corticosteroid receptor balance
in health and disease. Endocr Rev 19:269-301

Dijkstra I, Tilders FJ, Aguilera G, Kiss A, Rabadan-Diehl C, Barden N, Karanth S, Holsboer F,
Reul JMHM (1998) Reduced activity of hypothalamic corticotropin-releasing hormone
neurons in transgenic mice with impaired glucocorticoid receptor function. J Neurosci
18:3909-3918

Donaldson CJ, Sutton SW, Perrin MH, Corrigan AZ, Lewis KA, Rivier JE (1996) Cloning and
characterization of human urocortin. Endocrinology 137:2167-2170

Dunn AJ, Berridge CW (1990) Physiological and behavioral responses to corticotropin-
releasing factor administration: is CRF a mediator of anxiety or stress responses? Brain
Res Brain Res Rev 15:71-100

Dunn AJ, Swiergiel AH (1999) Behavioral responses to stress are intact in CRF-deficient
mice. Brain Res 845:14-20

Ebner K, Wotjak CT, Holsboer F, Landgraf R, Engelmann M (1999) Vasopressin released
within the septal brain area during swim stress modulates the behavioural stress response
in rats. Eur ] Neurosci 11:997-1002

Erkut ZA, Pool C, Swaab DF (1998) Glucocorticoids suppress corticotropin-releasing hor-
mone and vasopressin expression in human hypothalamic neurons. J Clin Endocrinol
Metab 83:2066-2073

Farisse J, Boulenguez P, Semont A, Hery F, Barden N, Faudon M, Hery M (1999) Re-
gional serotonin metabolism under basal and restraint stress conditions in the brain of
transgenic mice with impaired glucocorticoid receptor function. Neuroendocrinology
70:413-421



Mutagenesis and Knockout Models: Hypothalamic-Pituitary-Adrenocortical System 135

Gesing A, Bilang-Bleuel A, Droste SK, Linthorst ACE, Holsboer F, Reul JMHM (2001) Psy-
chological stress increases hippocampal mineralocorticoid receptor levels: involvement
of corticotropin-releasing hormone. ] Neurosci 21:4822-4829

Gillies GE, Linton EA, Lowry PJ (1982) Corticotropin releasing activity of the new CRF is
potentiated several times by vasopressin. Nature 299:355-357

Griebel G, Perrault G, Sanger DJ (1998) Characterization of the behavioral profile of the
non-peptide CRF receptor antagonist CP-154,526 in anxiety models in rodents. Psy-
chopharmacology (Berl) 138:55-66

Griebel G, Simiand J, Serradeil-Le Gal C, Wagnon J, Pascal M, Scatton B, Maffrand JP,
Soubrié P (2002) Anxiolytic- and antidepressant-like effects of the non-peptide vaso-
pressin V1b receptor antagonist, SSR 149415, suggest an innovative approach for the
treatment of stress-related disorders. Proc Natl Acad Sci USA 99:6370-6375

Gutman DA, Owens MJ, Skelton KH, Thrivikraman KV, Nemeroff CB (2003) The corti-
cotropin-releasing factor 1 receptor antagonist R121919 attenuates the behavioral and
endocrine responses to stress. ] Pharmacol Exp Ther 304:874-880

Heinrichs SC, Stenzel-Poore MP, Gold LH, Battenberg E, Bloom FE, Koob GF, Vale WW,
Pich EM (1996) Learning impairment in transgenic mice with central overexpression of
corticotropin-releasing factor. Neuroscience 74:303-311

Heinrichs SC, Min H, Tamraz S, Carmouche M, Boehme SA, Vale WW (1997b) Anti-sexual
and anxiogenic behavioral consequences of corticotropin-releasing factor overexpres-
sion are centrally mediated. Psychoneuroendocrinology 22:215-224

Heinrichs SC, De Souza EB, Schulteis G, Lapsansky JL, Grigoriadis DE (2002) Brain pen-
etrance, receptor occupancy and antistress in vivo efficacy of a small molecule corti-
cotropin releasing factor type 1 receptor selective antagonist. Neuropsychopharmacol-
ogy 27:194-202

Hernando E Schoots O, Lolait SJ, Burbach JP (2001) Immunohistochemical localization of
the vasopressin V1b receptor in the rat brain and pituitary gland: anatomical support
for its involvement in the central effects of vasopressin. Endocrinology 142:1659-1668

Hettema JM, Neale MC, Kendler KS (2001) A review and meta-analysis of the genetic
epidemiology of anxiety disorders. Am J Psychiatry 158:1568-1578

Heuser 1, Yassouridis A, Holsboer F (1994) The combined dexamethasone/CRH test—
a refined laboratory test for psychiatric disorders. ] Psychiatr Res 28:341-356

Hokfelt T, Broberger C, Xu ZQD, Sergeyev V, Ubink R, Diez M (2000) Neuropeptides—an
overview. Neuropharmacology 39:1337-1356

Holsboer F (1999) The rationale for corticotropin-releasing hormone receptor (CRH-R)
antagonists to treat depression and anxiety. ] Psychiatr Res 33:181-214

Holsboer F (2000) The corticosteroid receptor hypothesis of depression. Neuropsychophar-
macology 23:477-501

Holsboer F (2003) Corticotropin-releasing hormone modulators and depression. Curr Opin
Investig Drugs 4:46-50

Hsu SY, Hsueh AJW (2001) Human stresscopin and stresscopinn-related peptide are selective
ligands for the corticotropin-releasing hormone type 2 receptor. Nat Med 7:605-611

Iino K, Sasano H, Oki Y, Andoh N, Shin RW, Kitamoto T, Takahashi K, Suzuki H, Tezuka F,
Yoshimi T, Nagura H (1999) Urocortin expression in the human central nervous system.
Clin Endocrinol (Oxf) 50:107-114

Insel TR, Young LJ (2000) Neuropeptides and the evolution of social behavior. Curr Opin
Neurobiol 10:784-789

Jacobson L, Sapolsky R (1991) The role of the hippocampus in feedback regulation of the
hypothalamic-pituitary-adrenocortical axis. Endocr Rev 12:118-134



136 M.E. Keck and M. B. Miiller

Jacobson L, Muglia L], Weninger SC, Pacak K, Majzoub JA (2000) CRH deficiency impairs
but does not block pituitary-adrenal responses to diverse stressors. Neuroendocrinology
71:79-87

Jaenisch R (1988) Transgenic animals. Science 240:1468-1472

Jeong KH, Jacobson L, Widmaier EP, Majzoub JA (1999) Normal suppression of the re-
productive axis following stress in corticotropin-releasing hormone-deficient mice. En-
docrinology 140:1702-1708

Joels M, de Kloet ER (1992) Control of neuronal excitability by corticosteroid hormones.
Trends Neurosci 15:25-30

Karanth S, Linthorst AC, Stalla GK, Barden N, Holsboer F, Reul JM (1997) Hypothalamic-
pituitary-adrenocortical axis changes in a transgenic mouse with impaired glucocorti-
coid receptor function. Endocrinology 138:3476-3485

KarolyiIJ, Burrows HL, Ramesh TM, Nakajima M, Lesh JS, Seong E, Camper SA, Seasholtz AF
(1999) Altered anxiety and weight gain in corticotropin-releasing hormone-binding
protein-deficient mice. Proc Natl Acad Sci USA 96:11595-11600

Keck ME, Holsboer F (2001) Hyperactivity of CRH neuronal circuits as a target for thera-
peutic interventions in affective disorders. Peptides 22:835-844

Keck ME, Hatzinger M, Wotjak CT, Holsboer F, Landgraf R, Neumann ID (2000) Ageing
alters intrahypothalamic release patterns of vasopressin and oxytocin in rats. Eur J
Neurosci 12:1487-1494

Keck ME, Welt T, Wigger A, Renner U, Engelmann M, Holsboer F, Landgraf R (2001) The
anxiolytic effect of the CRHI receptor antagonist R121919 depends on innate emotion-
ality in rats. Eur ] Neurosci 13:373-380

Keck ME, Wigger A, Welt T, Miiller MB, Gesing A, Reul JMHM, Holsboer F, Landgraf R,
Neumann ID (2002) Vasopressin mediates the response of the combined dexametha-
sone/CRH testin hyper-anxious rats: implications for pathogenesis of affective disorders.
Neuropsychopharmacology 26:94-105

Keck ME, Welt T, Miiller MB, Landgraf R, Holsboer F (2003a) The high-affinity non-peptide
CRHLI receptor antagonist R121919 attenuates stress-induced alterations in plasma oxy-
tocin, prolactin, and testosterone in rats. Pharmacopsychiatry 6:27-31

Keck ME, Welt T, Miiller MB, Uhr M, Ohl F, Wiger A, Toschi N, Holsboer F, Landgraf R
(2003b) Reduction of hypothalamic vasopressinergic hyperdrive contributes to clini-
cally relevant behavioral and neuroendocrine effects of chronic paroxetine treatment in
a psychopathological rat model. Neuropsychopharmacology 28:235-243

Kemp CE, Woods RJ, Lowry PJ (1998) The corticotrophin-releasing factor-binding protein:
an act of several parts. Peptides 19:1119-1128

Kessler RC (2000) The epidemiology of pure and comorbid generalized anxiety disorder:
a review and evaluation of recent research. Acta Psychiatr Scand 102:7-13

Kessler RC, Nelson CB, McGonagle KA, Edlund MJ, Frank RG, Leaf PJ (1996) The epidemi-
ology of co-occurring addictive and mental disorders: implications for prevention and
service utilizations. Am J Orthopsychiatry 66:17-31

Kishimoto T, Radulovic J, Radulovic M, Lin CR, Schrick C, Hooshmand F, Herman-
son O, Rosenfeld MG, Spiess ] (2000) Deletion of CRHR2 reveals an anxiolytic role
for corticotropin-releasing hormone receptor-2. Nat Genet 24:415-419

Kiss JZ, Mezey E, Skirboll L (1984) Corticotropin-releasing factor immunoreactive neurons
of the paraventricular nucleus become vasopressin positive after adrenalectomy. Proc
Natl Acad Sci USA 84:1854-1858

Korte SM (2001) Corticosteroids in relation to fear, anxiety and psychopathology. Neurosci
Biobehav Rev 25:117-142



Mutagenesis and Knockout Models: Hypothalamic-Pituitary-Adrenocortical System 137

Kostich WA, Chen A, Sperle K, Largent BL (1998) Molecular identification and analysis of
anovel human corticotropin-releasing factor (CRF) receptor: the CRF2gamma receptor.
Mol Endocrinol 12:1077-1085

Kovdcs KJ, Foldes A, Sawchenko PE (2000) Glucocorticoid negative feedback selectively
targets vasopressin transcription in parvocellular neurosecretory neurons. ] Neurosci
20:3843-3852

Kozicz T, Yanaihara H, Arimura A (1998) Distribution of urocortin-like immunoreactivity
in the central nervous system of the rat. ] Comp Neurol 391:1-10

Kreek M]J, Koob GF (1998) Drug dependence: stress and dysregulation of brain reward
pathways. Drug Alcohol Depend 51:23-47

Kiihn R, Schwenk F, Aguet M, Rajewsky K (1995) Inducible gene targeting in mice. Science
259:1427-1429

Kiinzel HE, Zobel AW, Nickel T, Ackl N, Uhr M, Sonntag A, et al (2003) Treatment of
depression with the corticotropin-releasing hormone-1-receptor antagonist R121919:
endocrine changes and side effects. ] Psychiatr Res 37:525-533

Lancel M, Miiller-Preuss P, Wigger A, Landgraf R, Holsboer F (2002) The CRH1 receptor
antagonist R121919 attenuates stress-elicited sleep disturbances in rats, particularly in
those with high innate anxiety. ] Psychiatr Res 36:197-208

Landgraf R, Gerstberger R, Montkowski A, Probst JC, Wotjak CT, Holsboer F, Engelmann M
(1995) V1 vasopressin receptor antisense oligodeoxynucleotide into septum reduces
vasopressin binding, social discrimination abilities, and anxiety-related behavior in
rats. ] Neurosci 15:4250-4258

Landgraf R, Wotjak CT, Neumann ID, Engelmann M (1998) Release of vasopressin within
the brain contributes to neuroendocrine and behavioral regulation. In: Urban IJA, Bur-
bach JPH, De Wied D (eds) Progress in brain research. Elsevier Science, Amsterdam, pp
201-220

Lathe R (1996) Mice, gene targeting and behaviour: more than just genetic background.
Trends Neurosci 19:183-186

Lewis K, Li C, Perrin MH, Blount A, Kunitake K, Donaldson C, Vaughan J, Reyes TM,
Gulyas J, Fischer W, Bilezikjian L, Rivier ], Sawchenko PE, Vale WW (2001) Identification
of urocortin III, an additional member of the corticotropin-releasing factor (CRF) family
with high affinity for the CRF2 receptor. Proc Natl Acad Sci USA 98:7570-7575

Liebsch G, Landgraf R, Gerstberger R, Probst JC, Wotjak CT, Engelmann M, Holsboer F,
Montkowski A (1995) Chronic infusion of a CRH1 receptor antisense oligodeoxynu-
cleotide into the central nucleus of the amygdala reduced anxiety-related behavior in
socially defeated rats. Regul Pept 59:229-239

Liebsch G, Wotjak CT, Landgraf R, Engelmann M (1996) Septal vasopressin modulates
anxiety-related behaviour in rats. Neurosci Lett 217:101-104

Liebsch G, Landgraf R, Engelmann M, Lorscher P, Holsboer F (1999) Differential behavioural
effects of chronic infusion of CRH 1 and CRH 2 receptor antisense oligonucleotides into
the rat brain. ] Psychiatr Res 33:153-163

Linthorst ACE, Flachskamm C, Hopkins SH, Hoadley ME, Labeur MS, Holsboer F, Reul JMHM
(1997) Long-term intracerebroventricular infusion of corticotropin-releasing hormone
alters neuroendocrine, neurochemical, autonomic, behavioral, and cytokine responses
to a systemic inflammatory challenge. ] Neurosci 17:4448-4460

Linthorst ACE, Karanth S, Barden N, Holsboer F, Reul JMHM (1999) Impaired glucocorticoid
receptor function evolves in aberrant physiological responses to bacterial endotoxin. Eur
] Neurosci 11:178-186



138 M.E. Keck and M. B. Miiller

Linthorst ACE, Flachskamm C, Barden N, Holsboer E Reul JMHM (2000) Glucocorticoid
receptor impairment alters CNS responses to a psychological stressor: an in vivo micro-
dialysis study in transgenic mice. Eur ] Neurosci 12:283-291

Lovejoy DA, Aubry JM, Turnbull A, Sutton S, Potter E, Yehling ], Rivier C, Vale WW (1998)
Ectopic expression of the CRF-binding protein: minor impact on HPA axis regulation
but induction of sexually dimorphic weight gain. ] Neuroendocrinol 10:483-491

Lovenberg TW, Chalmers DT, Liu C, De Souza EB (1995a) CRF2 alpha and CRF2 beta
receptor mRNAs are differentially distributed between the rat central nervous system
and peripheral tissues. Endocrinology 136:4139-4142

Lovenberg TW, Liaw CW, Grigoriadis DE, Clevenger W, Chalmers DT, De Souza EB, Olters-
dorf T (1995b) Cloning and characterization of a functionally distinct corticotropin-
releasing factor receptor subtype. Proc Natl Acad Sci U S A 92:836-840

Montkowski A, Barden N, Wotjak C, Stec I, Ganster J, Meaney M, Engelmann M, Reul
JMHM, Landgraf R, Holsboer F (1995) Long-term antidepressant treatment reduces
behavioural deficits in transgenic mice with impaired glucocorticoid receptor function.
] Neuroendocrinol 7:841-845

Moran TH, Reeves RH, Rogers D, Fisher E (1996) Ain’t misbehavin’—it’s genetic. Nat Genet
12:115-116

Moreau JL, Kilpatrick G, Jenck F (1997) Urocortin, a novel neuropeptide with anxiogenic-
like properties. Neuroreport 8:1697-1701

Morin SM, Ling N, Liu XJ, Kahl SD, Gehlert DR (1999) Differential distribution of urocortin-
and corticotropin-releasing factor-like immunoreactivities in the rat brain. Neuroscience
92:281-291

Muglia L, Jacobson L, Dikkes P, Majzoub JA (1995) Corticotropin-releasing hormone defi-
ciency reveals major fetal but not adult glucocorticoid need. Nature 373:427-432

Muglia L, Jacobson L, Weninger SC, Luedke CE, Bae DS, Jeong KH, Majzoub JA (1997)
Impaired diurnal adrenal rhythmicity restored by constant infusion of corticotropin-
releasing hormone in corticotropin-releasing hormone-deficient mice. J Clin Invest
99:2923-2929

Miiller MB, Keck ME (2002) Genetically engineered mice for studies of stress-related clinical
conditions. ] Psychiatr Res 36:53-76

Miiller MB, LandgrafR, Sillaber I, Kresse AE, Keck ME, Zimmermann S, Holsboer F, Wurst W
(2000) Selective activation of the hypothalamic vasopressinergic system in mice deficient
for the corticotropin-releasing hormone receptor 1 is dependent on glucocorticoids.
Endocrinology 141:4262-4269

Miiller MB, Holsboer F, Keck ME (2002) Genetic modification of corticosteroid receptor sig-
naling: novel insights into pathophysiology and treatment strategies of human affective
disorders. Neuropeptides 36:117-131

Miiller MB, Zimmermann S, Sillaber I, Hagemeyer TP, Deussing JM, Timpl P, et al (2003)
Limbic corticotropin-releasing hormone receptor 1 mediates anxiety-related behaviour
and is required for hormonal adaptation to stress. Nat Neurosci 6:1100-1107

Miiller U (1999) Ten years of gene targeting: targeted mouse mutants, from vector design to
phenotype analysis. Mech Dev 82:3-21

Nelson R] (1997) The use of genetic “knockout” mice in behavioral endocrinology research.
Horm Behav 31:188-196

Oitz]l MS, De Kloet ER (1992) Selective corticosteroid antagonists modulate specific aspects
of spatial orientation learning. Behav Neurosci 106:62-71

Oitzl MS, de Kloet ER, Joels M, Schmid W, Cole TJ (1997) Spatial learning deficits in mice
with a targeted glucocorticoid receptor gene disruption. Eur ] Neurosci 9:2284-2296



Mutagenesis and Knockout Models: Hypothalamic-Pituitary-Adrenocortical System 139

Penalva RG, Flachskamm C, Zimmermann S, Wurst W, Holsboer F, Reul JMHM, Linthorst
ACE (2002) Corticotropin-releasing hormone receptor type 1-deficiency enhances hip-
pocampal serotonergic neurotransmission: an in vivo microdialysis study in mutant
mice. Neuroscience 109:253-266

Pepin MC, Pothier F, Barden N (1992) Impaired type II glucocorticoid-receptor function in
mice bearing antisense RNA transgene. Nature 355:725-728

Potter E, Behan DP, Linton EA, Lowry PJ, Sawchenko PE, Vale WW (1992) The central
distribution of a corticotropin-releasing factor (CRF)-binding protein predicts multiple
sites and modes of interaction with CRE Proc Natl Acad Sci U S A 89:4192-4196

Preil J, Miiller MB, Gesing A, Reul JMHM, Sillaber I, van Gaalen M, Landgrebe ], Stenzel-
Poore M, Holsboer E, Wurst W (2001) Regulation of the hypothalamic-pituitary-adreno-
cortical system in mice deficient for corticotropin-releasing hormone receptor 1 and 2.
Endocrinology 142:4946-4955

Radulovic J, Ruhmann A, Liepold T, Spiess J (1999) Modulation of learning and anxiety
by corticotropin-releasing factor (CRF) and stress: differential roles of CRF receptors 1
and 2. ] Neurosci 19:5016-5025

Reichardt H M, Kaestner KH, Tuckermann J, Kretz O, Wessely O, Bock R, Gass P, Schmid W,
Herrlich P, Angel P, Schiitz G (1998) DNA binding of the glucocorticoid receptor is not
essential for survival. Cell 93:531-541

Reul JMHM, de Kloet ER (1985) Two receptor systems for corticosterone in the rat brain:
microdistribution and differential occupation. Endocrinology 117:2505-2512

Reul JMHM, Holsboer F (2002) Corticotropin-releasing factor receptors 1 and 2 in anxiety
and depression. Curr Opin Pharmacol 2:23-33

Reyes TM, Lewis K, Perrin MH, Kunitake KS, Vaughan J, Arias CA, Hogenesch JB, Gulyas J,
Rivier J, Vale WW, Sawchenko PE (2001) Urocortin II: a member of the corticotropin-
releasing factor (CRF) neuropeptide family that is selectively bound by type 2 CRF
receptors. Proc Natl Acad Sci USA 98:2843-2848

Rivier C, Vale W (1983a) Interaction of corticotropin-releasing factor and arginine-vaso-
pressin in adrenocorticotropin secretion in vivo. Endocrinology 113:939-942

Rivier C, Vale W (1983b) Modulation of stress-induced ACTH release by corticotropin-
releasing factor, catecholamines and vasopressin. Nature 305:325-327

Rochford ], Beaulieu S, Rousse I, Glowa JR, Barden N (1997) Behavioral reactivity to aversive
stimuli in a transgenic mouse model of impaired glucocorticoid (type II) receptor
function: effects of diazepam and FG-7142. Psychopharmacology (Berl) 132:145-152

Rousse I, Beaulieu S, Rowe W, Meaney MJ, Barden N, Rochford J (1997) Spatial memory in
transgenic mice with impaired glucocorticoid receptor function. Neuroreport 8:841-845

Sauer B (1998) Inducible gene targeting in mice using the Cre/lox system. Methods Enzymol
14:381-392

Schreiber W, Lauer CJ, Krumrey K, Holsboer F, Krieg JC (1996) Dysregulation of the
hypothalamic-pituitary-adrenocortical system in panic disorder. Neuropsychopharma-
cology 15:7-15

Schulkin J, Gold PW, McEwen BS (1998) Induction of corticotropin-releasing hormone
gene expression by glucocorticoids: implication for understanding the states of fear and
anxiety and allostatic load. Psychoneuroendocrinology 23:219-243

Sillaber I, Rammes G, Zimmermann S, Mahal B, Zieglgénsberger W, Wurst W, Holsboer F,
Spanagel R (2002) Enhanced and delayed stress-induced alcohol drinking in mice lacking
functional CRHI receptors. Science 296:931-933

Silva AJ (1997) Mutant mice and genetic background: recommendations concerning genetic
background. Banbury conference on genetic background in mice. Neuron 19:755-759



140 M.E. Keck and M. B. Miiller

Skelton KH, Nemeroff CB, Knight DL, Owen M]J (2000) Chronic administration of the
triazolobenzodiazepine alprazolam produces opposite effects on corticotropin-releasing
factor and urocortin neuronal systems. ] Neurosci 20:1240-1248

Skutella T, Probst JC, Renner U, Holsboer F, Behl C (1998) Corticotropin-releasing hormone
receptor (type I) antisense targeting reduces anxiety. Neuroscience 85:795-805

Slawecki CJ, Somes C, Rivier JE, Ehlers CL (1999) Neurophysiological effects of intracere-
broventricular administration of urocortin. Peptides 20:211-218

Smith GW, Aubry J-M, Dellu F, Contarino A, Bilezikijan LM, Gold LH, Chen R, Marchuk Y,
Hauser C, Bentley CA, Sawchenko PE, Koob GF, Vale WW, Lee KF (1998) Corticotropin
releasing factor receptor 1-deficient mice display decreased anxiety, impaired stress
response, and aberrant neuroendocrine development. Neuron 20:1093-1102

Smythe JW, Murphy D, Timothy C, Costall B (1997) Hippocampal mineralocorticoid, but not
glucocorticoid, receptors, modulate anxiety-like behavior in rats. Pharmacol Biochem
Behav 56:507-513

Spina M, Merlo-Pich E, Chan RKW, Basso AM, Rivier J, Vale WW, Koob GF (1996) Appetite-
suppressing effects of urocortin, a CRF-related neuropeptide. Science 273:1561-1564

Stenzel-Poore MP, Cameron VA, Vaughan J, Sawchenko PE, Vale W (1992) Development of
Cushing’s syndrome in corticotropin-releasing factor transgenic mice. Endocrinology
130:3378-3386

Stenzel-Poore MP, Heinrichs SC, Rivest S, Koob GF, Vale WW (1994) Overproduction of
corticotropin-releasing factor in transgenic mice: a genetic model of anxiogenic behav-
ior. ] Neurosci 14:2579-2584

Stratakis CA, Karl M, Schulte HM, Chrousos GP (1994) Glucocorticosteroid resistance in hu-
mans. Elucidation of the molecular mechanisms and implications for pathophysiology.
Ann N'Y Acad Sci 746:362-374

Swanson LW, Sawchenko PE, Rivier ], Vale WW (1983) Organization of ovine corticotropin-
releasing factor immunoreactive cells and fibers in the rat brain: an immunohistochem-
ical study. Neuroendocrinology 36:165-186

Takahashi LK (2001) Role of CRF1 and CRF2 receptors in fear and anxiety. Neurosci Biobehav
Rev 25:627-636

Timpl P, Spanagel R, Sillaber I, Kresse A, Reul JMHM, Stalla GK, Blanquet V, Steckler T,
Holsboer E, Wurst W (1998) Impaired stress response and reduced anxiety in mice
lacking a functional corticotropin-releasing hormone receptor 1. Nat Genet 19:162-166

Tronche F, Kellendonk C, Kretz O, Gass P, Anlag K, Orban PC, Bock P, Klein R, Schiitz G
(1999) Disruption of the glucocorticoid receptor gene in the nervous system results in
reduced anxiety. Nat Genet 23:99-103

Turnbull AV, Smith GW, Lee S, Vale WW, Lee KEF, Rivier C (1999) CRF type 1 receptor
deficient mice exhibit a pronounced pituitary-adrenal response to local inflammation.
Endocrinology 140:1013-1017

Valdez GR, Inoue K, Koob GF, Rivier ], Vale WW, Zorilla EP (2002) Human urocortin II: mild
locomotor suppressive and delayed anxiolytic effects of a novel corticotropin-releasing
factor related peptide. Brain Res 943:142-150

Vale W, Spiess ], Rivier C, Rivier ] (1981) Characterization of a 41-residue ovine hypothalamic
peptide that stimulates secretion of corticotropin and B-endorphin. Science 213:1394-
1397

Van Bockstaele EJ, Colago EE, Valentino RJ (1998) Amygdaloid corticotropin-releasing
factor targets locus coeruleus dendrites: substrate for the co-ordination of emotional
and cognitive limbs of the stress response. ] Neuroendocrinol 10:743-757



Mutagenesis and Knockout Models: Hypothalamic-Pituitary-Adrenocortical System 141

van Haarst AD, Oitzl M S, Workel JO, de Kloet ER (1996) Chronic brain glucocorticoid
receptor blockade enhances the rise in circadian and stress-induced pituitary-adrenal
activity. Endocrinology 137:4935-4943

Vaughan ], Donaldson C, Bittencourt J, Perrin MH, Lewis K, Sutton S, Chan R, Turnbull AV,
Lovejoy D, Rivier C, Rivier ], Sawchenko PE, Vale W (1995) Urocortin, a mammalian
neuropeptide related to fish urotensin I and to corticotropin-releasing factor. Nature
378:287-292

Vetter DE, Li C, Zhao L, Contarino A, Liberman MC, Smith GW, Marchuk Y, Koob GE
Heinemann SE, Vale W, Lee KF (2002) Urocortin-deficient mice show hearing impairment
and increased anxiety-like behavior. Nat Genet 31:363-369

Watts AG (1996) The impact of physiological stimuli on the expression of corticotropin-
releasing hormone (CRH) and other neuropeptide genes. Front Neuroendocrinol 17:
281-326

Wei Q, Schafer GL, Hebda-Bauer E, Shieh KR, Watson S, Seasholtz A, Akil H (2001) Tissue-
specific overexpression of the glucocorticoid receptor in the brain. Soc Neuroci (abstract)

Weiss B, Davidkova G, Zhang SP (1997) Antisense strategies in neurobiology. Neurochem
Int 31:321-348

Weninger SC, Dunn AJ, Muglia L], Dikkes P, Miczek KA, Swiergiel AH, Berridge C W, Ma-
jzoub JA (1999) Stress-induced behaviors require the corticotropin-releasing hormone
(CRH) receptor, but not CRH. Proc Natl Acad Sci USA 96:8283-8288

Weninger SC, Peters LL, Majzoub JA (2000) Urocortin expression in the Edinger-Westphal
nucleus is upregulated by stress and corticotropin-releasing hormone deficiency. En-
docrinology 256-263

Wersinger SR, Ginns Ei, O’Carroll AM, Lolait SJ, Young WS (2002) Vasopressin V1b receptor
knockout reduces aggressive behavior in male mice. Mol Psychiatry 7:975-984

Wong ML, Al-Shekhlee A, Bongiorno PB, Esposito A, Khatri P, Sterneberg EM (1998)
Localization of urocortin messenger RNA in rat brain and pituitary. Mol Psychiatry
1:307-312

Yamamoto H, Maeda T, Fujimura M, Fujimiya M (1998) Urocortin-like immunoreactivity
in the substantia nigra, ventral tegmental area and Edinger-Westphal nucleus of rat.
Neurosci Lett 243:21-24

Zobel AW, Nickel T, Kiinzel HE, Ackl N, Sonntag A, Ising M, Holsboer F (2000) Effects of the
high affinity corticotropin-releasing hormone receptor 1 antagonist R121919 in major
depression: the first 20 patients treated. ] Psychiatr Res 34:171-181



HEP (2005) 169:143-162
(© Springer-Verlag Berlin Heidelberg 2005

Mutagenesis and Knockout Models: NK1 and Substance P

A. Bilkei-Gorzo - A. Zimmer (5<0)

Laboratory of Molecular Neurobiology, Department of Psychiatry, University of Bonn,
Siegmund-Freund-Strasse 25, 53105 Bonn, Germany
a.zimmer@uni-bonn.de

1 Introduction . . . .. ... ... .. 144
2 An Overview of the Tachykinin System . . . . ... ... .. .. ... ..... 144
2.1 Tachykinin Receptors . . . . . .. .. .. ittt 145
2.2 ExpressionStudies. . . . .. ... ... 145
3 Pharmacological Studies . . . .. .. .. ..... ... .. .. .. .. .. 146
3.1 Involvement of SP in Stress Responses . . . . . . .. .. ..ot 146
3.2 SP and NK1 Receptor Antagonists in Animal Models of Anxiety . . ... ... 147
4 Generation of Knockout Mice . . . . . ...................... 149
4.1  General Phenotype of Tacl-Null Mutant Mice . . . .. ... ... .. ..... 149
4.2 Behavior of Tacl and NKIR Knockout Mice in Models of Depression . . . . . 150
4.3 Behavior of Tacl and NKIR Knockout Mice in Models of Anxiety . ... ... 152
5 Mechanism of Change in Phenotype in Tacl and NK1R-Null Mutant Mice . . 157
References . . .. ... ... .. . ... ... .. e 157

Abstract Tachykinins play an important role as peptide modulators in the CNS. Based on the
concentration and distribution of the peptides and their receptors, substance P (SP) and its
cognate receptor neurokinin 1 (NK1R) seem to play a particularly important role in higher
brain functions. They are expressed at high levels in the limbic system, which is the neural
basis of emotional responses. Three different lines of evidence from physiological studies
support such a role of SP in the regulation of emotionality: (1) stress is often associated
with elevated level of SP in animals and humans; (2) systematic and local injections of SP
influence anxiety levels in a dose-dependent and site-specific manner; (3) NK1 receptor
antagonists show anxiolytic effects in different animal models of anxiety. Although these
studies point to the NK1 receptor as a promising target for the pharmacotherapy of anxiety
disorders, high affinity antagonists for the human receptors could not be studied in rats
or mice due to species differences in the antagonist binding sites. However, studies on
anxiety and depression-related behaviors have now been performed in mouse mutants
deficient in NK1 receptor or SP and NKA. These genetic studies have shown that anxiety
and depression-related phenotypes are profoundly affected by the tachykinin system. For
example, NK1R-deficient mice seem to be less prone depression-related behaviors in models
of depression, and one study also provided evidence for reduced anxietylevels. Mice deficient
in SP and NKA behaved similarly as the NKIR knockouts. In animal models of anxiety
they performed like wildtype mice treated with anxiolytic drugs. In behavioral paradigms
related to depression they behaved like wildtype animals treated with antidepressants. In
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summary, the genetic studies clearly show that the SP/NK1 system plays an important role
in the modulation of emotional behaviors.

Keywords Substance P - Neurokinin 1 - Tachykinin - Anxiety - Knockout model

1
Introduction

Tachykinin neuropeptides can be found in many animal species from inver-
tebrates to mammals. They have been implicated in a variety of physiological
roles including immune, cardiovascular, gastrointestinal, pulmonary, and uro-
genital functions, as well as nociception (Severini et al. 2002). Much of the
interest of the pharmaceutical industry in the tachykinin system has been
stimulated by the proposed role of substance P (SP) in the facilitation of
nociceptive signaling, and a considerable effort has been focused on the de-
velopment of neurokinin (NK)1 receptor antagonists as an analgesic drug.
However, although several antagonists have been developed and evaluated for
the treatment of various pain conditions, none of these compounds showed
much analgesic efficacy in clinical studies (Herbert et al. 2002).

Nevertheless, a potential use for these compounds came from the unex-
pected observation that tachykinin receptor antagonists seemed to be active
in animal models of affective disorders. Indeed, a clinical study using the NK1
antagonist MK-869 confirmed these findings and demonstrated a very good
efficacy of a tachykinin receptor antagonist for the treatment of depression
(Kramer et al. 1998). The result of this first clinical study was recently con-
firmed in another clinical trial using a different NK1 antagonist, L-759274, in
outpatients with major depressive disorder (Kramer et al. 2004).

Before we review some intriguing findings from the analysis of genetically
altered animals, we will give a brief overview of the tachykinin system and
summarize some pharmacological studies as they relate to its role in the regu-
lation in emotional responses and, possibly, in the pathophysiology of affective
disorders.

2
An Overview of the Tachykinin System

Von Euler and Gaddum described in 1931 a new substance from the alcoholic
extract of equine brain and intestine that potently increased the rhythmic,
spontaneous contractions of jejunum and produced hypotension relaxing the
large arteries. They later called this compound substance P. The amino acid
sequence of this peptide was established 40 years later by Leeman and cowork-
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ers, and it represented the first sequence of a neuropeptide (Chang et al. 1971).
We now know that SP and two structurally related peptides, NKA and NKB,
make up the family of tachykinin neuropeptides. They all share a common
the C-terminal sequence Phe-X-Gly-Leu-Met-NH, (Severini et al. 2002).

Tachykinin peptides are encoded by the two genes tacl and tac2. The tacl
gene encodes SP and NKA, while the tac2 gene encodes NKB. Several differ-
ent transcripts are produced from the tacl gene by alternative splicing, and
they are translated into four distinct precursor proteins (Cooper et al. 1996).
Preprotachykinin-a or PPT-a is the least prevalent and, like PPT-§, it can only
be processed into SP. PPT-$ and PPT-y generate SP, NKA, and elongated forms
of NKA—neuropeptide K and neuropeptide-y. The second tachykinin gene,
tac2, encodes the precursor of NKB (Hokfelt et al. 2001).

2.1
Tachykinin Receptors

The existence of multiple tachykinin receptors was proposed in considera-
tion of the remarkable differences in the pharmacological properties of dif-
ferent agonists (Erspamer et al. 1980) and antagonists (Folkers et al. 1984;
Rosell et al. 1983). The existence of three distinct receptors was subsequently
confirmed through the molecular cloning of the receptor genes (Nakanishi
1991). NK1, NK2, and NK3 belong to the superfamily of the G protein-coupled
(rhodopsin-like) receptors. The NK2 and NK3 receptors are specifically ac-
tivated by NKA and NKB respectively, whereas the NK1 receptor is more
promiscuous (Maggi 1995). This receptor has two binding sites or, probably,
two conformational states. One conformational state is specific for SP, while
the other binds with similar affinity SP, NKA, and NKB (Beaujouan et al. 2000;
Beaujouan et al. 1999; Saffroy et al. 2001).

2.2
Expression Studies

The tachykinins are sometimes thought to act as a unit in some areas of the
nervous system, because (1) SP and NKA are produced from a common pre-
cursor, (2) the processing of the pre-proprotein involves the same proteolytic
enzymes, (3) different tachykinins can be stored and co-released from the same
neuron, (4) they are degraded by the same enzymes, and (5) different peptides
may activate the same receptors (Hokfelt et al. 2001). However, the distribution
and expression levels of the various PPTs and NK receptors are quite distinct
in many brain regions.

Tachykinins are among the most abundant neuropeptides in the central
nervous system. Limbic structures, which are important in the control of emo-
tional behaviors, in particular contain tachykinins and neurokinin receptor
sites in high density (Honkaniemi et al. 1992; Hurd et al. 1999; Ribeiro-da-
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Silva and Hokfelt 2000). SP is found in high concentration in the nuclei of the
amygdala (Roberts et al. 1982), in the bed nucleus of the stria terminalis (Gray
and Magnuson 1992), in the periaqueductal gray (PAG) matter (Commons and
Valentino 2002; Smith et al. 1994), and in the lateral septal nucleus (Gavioli
et al. 2002). The localization of NKA is similar to that of SP, but its concen-
tration is generally lower (Severini et al. 2002; Takeda et al. 1990). The NK1
receptor is also found throughout the limbic system (Rothman et al. 1984),
while NK2 expression is restricted to the hippocampal CA1 and CA3 areas, to
some thalamic nuclei, and to the septal area (Saffroy et al. 2001). Since NKA
is produced in many limbic structures that do not express NK2, but only NK1,
NKA may activate NK1 rather than NK2 receptors in the limbic system.

NK3 is also abundantly expressed in many limbic structures (Rothman et al.
1984; Shughrue et al. 1996; Spitznagel et al. 2001), while NKB is only produced
in discrete areas, including the bed nucleus of the stria terminalis, the septal
nuclei, and the central gray (Merchenthaler et al. 1992). It is conceivable that
NKB is not the only ligand at NK3 receptors in the limbic system.

3
Pharmacological Studies

3.1
Involvement of SP in Stress Responses

Several lines of evidence point to an important role of SP in the regulation of
stress responses. Mild stressors such as isolation (Brodin et al. 1994), sequen-
tial removal from the home cage, or short-lasting (1 min) restraint (Rosen et al.
1992) significantly increased the concentration of SP in the PAG region. More-
over, treatment with the anxiolytic drug diazepam produced a reduction of SP
concentration in the PAG area and in the rostral hippocampus (Brodin et al.
1994). In contrast, more severe stressors like longer-lasting immobilization re-
duced SPlevels in the septum, striatum, and hippocampus, and produced a con-
comitant decrease in the density of SP receptors in the septum, amygdala, piri-
form cortex, and hypothalamus (Takayama et al. 1986). It is possible that these
changes represent homeostatic adaptations of the tachykinin system, involving
an overactivation-induced depletion of SP stores. Indeed, Smith et al. observed
that immobilization for 1 h caused an approximately 60% increase in NK1 re-
ceptor endocytosis in the basolateral amygdala, and this process was inhibited
by acute pretreatment with the NK1 antagonist L-760735 (Smith et al. 1999).

Clinical studies also supported the importance of SP in stress responses and
regulation of anxiety level. Even clinically healthy persons showed increased
plasma SP levels in extreme stress situations such as war (Weiss et al. 1996) or
parachute jumping (Schedlowski et al. 1995).
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It has been suggested that central release of SP also may contribute to the
development of vegetative stress responses, such as hypertension after pro-
longed emotional stress. This hypothesis was based on the observation that
the injection of SP into different brain nuclei, such as the central nucleus of the
amygdala, the nucleus paraventricularis (PVN), the nucleus ventromedialis,
the lateral hypothalamus-perifornical region, or the PAG, elicited a hyperten-
sive response (Ku et al. 1998). Painful stressors that trigger the release of SP,
such as formalin injected into the lower leg, also induce a marked increase in
mean arterial pressure and heart rate. Intracerebroventricular pretreatment
with the NK1 receptor antagonist RP67580 attenuated both the cardiovascular
and behavioral stress responses (Culman et al. 1997).

Local SP injections into the PAG of conscious rats elicited an increased sym-
pathoadrenal activity, an increase of blood pressure, heart rate, mesenteric
and renal vasoconstriction, hind-limb vasodilatation, and also an increased
locomotion and grooming behavior (Culman et al. 1995). Thus, a single in-
jection of SP produced the whole spectrum of cardiovascular, behavioral, and
endocrine response observed in rodents after nociceptive stress. Moreover,
SP injected into the lateral ventricle elicited grooming behavior (face washing
and hind limb grooming) and resulted in a marked c-Fos expression in the
paraventricular, dorsomedial and parabrachial nuclei, and in the medial tha-
lamus. These brain areas are known to be involved in the central regulation of
cardiovascular and neuroendocrine reactions to stress, or to be involved in the
processing of nociceptive responses (Spitznagel et al. 2001).

There is a good correlation between stress and the activity of the immune
system. SP is a known mediator of immune responses, and, as we have shown
above, it is an important stress mediator. It is therefore not surprising that
a direct relation between anxiety level, SP concentration, and activity of the
immune system has been confirmed in clinical (Fehder et al. 1997) and an-
imal (Teixeira et al. 2003) studies. It seems possible that SP serves also as
amediator of stress-modulated immune reactions. When animals were treated
with the NK1 receptor antagonist RP67580 and subsequently stressed through
restraint, adrenocorticotropic hormone (ACTH) and corticosterone levels re-
mained high throughout the 4-h observation period, while in control animals
elevated stress hormone level was observed 60 min following initiation of the
stress, but had returned to basal levels after 4 h (Jessop et al. 2000). This
observation may suggest that SP is involved in the transition from acute to
chronic stress, and plays an important role in the termination of stress re-
sponse.

3.2
SP and NK1 Receptor Antagonists in Animal Models of Anxiety

To test the potential involvement of SP in the modulation of anxiety, some stud-
ies used a systemic administration of this peptide. The results were, however,
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inconclusive. Both anxiogenic (Baretta et al. 2001) and anxiolytic (Hasenohrl
et al. 2000) effects were reported. In contrast, SP microinjection into separate
brain areas provided more conclusive results and showed that the effect of SP
is dependent on the site of injection. SP applied into the lateral septal nucleus
elicited anxiogenic responses using the elevated plus-maze test (Gavioli et al.
1999), while administration into the nucleus basalis of the ventral pallidum
produced anxiolytic effects (Nikolaus et al. 1999). In addition to the regional
specificity, the effects of SP were also dose-dependent: a low dose of SP elicited
an anxiolytic while a higher dose produced an anxiogenic effect when each
was injected into the nucleus basalis (Hasenohrl et al. 1998).

Although the availability of receptor-selective antagonists provided impor-
tant insights into the various roles of tachykinin receptor in normal physiology
and pathophysiological processes, the pharmacological analysis of NK1 func-
tions has been complicated by the fact that small differences in the amino
acid sequence between the human and the mouse or rat receptors dramat-
ically alter antagonist binding affinity (Fong et al. 1992). Thus, antagonists
with a high affinity for human receptor bind poorly to the rat and mouse
receptors and cannot be used in these species. Also, the most widely used
and characterized rodent models were not applicable for the analysis of com-
pounds active in humans. While a few antagonists with nanomolar affinities
for the rat and mouse receptor, such as RP67580, GR205171, and SR140333
have been developed (Emonds-Alt et al. 1993; Fong et al. 1992; Gardner et al.
1996), the usefulness of these compounds in vivo suffers from their short
half-life and poor brain penetration. Moreover, at bioactive doses these com-
pounds can exhibit unspecific pharmacological effects, including the blockade
of ion channels. It was therefore often difficult to ascertain whether behavioral
effects of these drugs were due to NK1 receptor blockade, or to unspecific
side effects. For example, high doses of GR205171 (30 mg/kg), which is prob-
ably the best available antagonist for the murine NK1 receptor (Bergstrom
et al. 2000), increased the attack-latency in the resident-intruder test, reduced
stress-induced neonatal vocalization, and increased the duration of struggle
in the forced-swim test (Rupniak et al. 2000; Rupniak et al. 2001). These ef-
fects were similar to those observed after treatment with antidepressant drugs,
such as fluoxetine or desipramine (Lucki et al. 2001; Rupniak et al. 2001;
Schramm et al. 2001). However, it is not clear whether these behavioral effects
of GR205171 were mediated by the NK1 receptor, because animals responded
similarly after treatment with the low-affinity enantiomer GR22620600 (Rup-
niak et al. 2000). Also, in the rat forced-swim test GR205171 (40 mg/kg) re-
mained ineffective (Rupniak et al. 2001). In models of anxiety the activity
of NK1 receptor blockers is test -specific (Rodgers et al. 2004; Loiseau et al.
2003) and influenced by the strain and sex of the test animals (Vendruscolo
et al. 2003).
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4
Generation of Knockout Mice

Mice with targeted deletions of the NK1 and tacl genes have been generated by
several labs. TacI~/~ and NK1R™/~ mice are viable and fertile, showing no gross
alterations in maternal behaviors. These strains are therefore novel useful tools
for the analysis of the physiological functions of the tachykinin system.

4.1
General Phenotype of Tac1-Null Mutant Mice

Two independent tacl-null mutant mouse strains have been described, orig-
inally on a mixed 129/SvxC57BL/6] (Zimmer et al. 1998) or CD1xC57BL/6]
(Cao et al. 1998), and later another on a pure C57BL/6] genetic background
(Bilkei-Gorzo et al. 2002). The first reports (Cao et al. 1998; Zimmer et al. 1998)
showed altered pain reactivity in tacl-deficient mice. The pain sensitivity of
tacl™'~ mice on a C57BL/6]x129/Sv genetic background was reduced in the
hot-plate test, but not in another thermal-pain model, in the tail-flick test.
Thus, while spinal pain reflexes as measured in the tail-flick test were normal,
supra-spinal pain responses as measured in the hot-plate test seemed to be
reduced in the absence of SP. Basbaum reported that the pain phenotype in the
hot-plate test was intensity dependent: hypoalgesia was present using 55.5 °C
but not lower (52.5 °C) or higher (58.5 °C) plate temperatures (Basbaum 1999).
Tacl~~ mice on the mixed C57BL/6] genetic background were less reactive
to intensive (tail clip), but not to mild mechanical pain stimuli (von Frey
test). Responses to noxious chemical stimuli were measured after capsaicin
injections into the hind paw, or after intraperitoneal injection of MgSOy4 or
acetic acid (Cao et al. 1998). These stimuli also induced reduced responses in
tacl”~ mice. Interestingly, Zimmer and coworkers found no difference be-
tween tacl™* and tac1™'~ mice using a twofold higher acetic acid dose, thus
indicating an intensity-dependent phenotype (Zimmer et al. 1998). Indeed,
a similar stimulus dependency was found in the formalin test where Cao and
colleagues found diminished pain sensitivity only in the first phase, and only
with one out of the three tested formalin concentrations. Zimmer et al. also
found a reduced pain sensitivity in tacI~/~ mice in the formalin test (Zimmer
et al. 1998). Thus, it has been suggested that SP is involved in the intensity
coding of pain.

NKIR™'~ mice also showed stimulus-dependent changes in pain responses.
Increasing mechanical stimulation failed to elicit increased responses. Re-
peated activation of C-fibers increases the responses to subsequent stimuli,
and this “wind-up” reaction is thought to contribute to increased pain sensi-
tivity e.g., in inflammation-induced hyperalgesia. This reaction was studied by
De Felipe and coworkers in wildtype and NKIR~/~ mice by recording the elec-
tromyographic activity in the hind paw (De Felipe et al. 1998) after repeated
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electrical or mechanical stimulation. The intensity of the responses increased
gradually due to repetition of the same stimulus in wildtype mice, but this
reaction was completely absent in NKIR™/~ animals.

Stress-induced analgesia was also assessed in NKIR™/~ mice after they were
forced to swim in either cold (4-15 °C) water, which induces a non-opiate, N-
methyl-p-aspartate (NMDA)-dependent analgesia, or in warm (33 °C) water,
which induced an opiate-dependent analgesia (De Felipe et al. 1998). Interest-
ingly, the non-opiate dependent analgesia was reduced in NK1 receptor-null
mutant mice, while the opiate-dependent analgesia remained intact. Zimmer
and colleagues (1998) found no difference between testing tacl ++ and tac1/~
mice after a cold-water swim stress.

When comparing the NKIR™'~ and tacI™/~ pain phenotype, it is important
to remember that tacl™/~ mice lacked not only SP, but also NKA. Since NKA
is a ligand at the NK2 receptor, the signaling through this receptor should be
normal in NKIR knockouts, but impaired in tac1™/~ mice.

An involvement of tachykinins in the regulation of pain sensitivity was not
unexpected. However, De Felipe and coworkers also noted an altered stress
reactivity of NKIR knockouts. These animals showed significantly reduced
aggressive behaviors in the resident-intruder test. In this test, wildtype and
knockout males were isolated for 28 days, and subsequently intruder mice
were placed into the home-cage of the isolated mouse. Wildtype mice attacked
the intruders within 50 s, while the attack-latency in NKIR™'~ mice was five
times longer, with an average of 250 s. Moreover, the number of attacks was
also significantly reduced in the knockouts (de Felipe et al. 2001). In the open-
field test, where total and central activity of the animals was analyzed, no
difference was observed between the strains. Because stress-induced analgesia
was also reduced in this strain, the authors concluded that the activity of NK1
receptor is important to the organization of stress responses to major stressors
like pain or invasion of territory (de Felipe et al. 2001). One might wonder
why one neurotransmitter system regulates such distinct responses like stress-
induced analgesia and territorial aggression? The common denominator of
these behaviors in the natural environment may be found in situations where
the individual is exposed to injury, pain, or aggression. In these situations,
animals have to make fight-or-flight decisions i.e., choose between offensive
or defensive defense strategies.

4.2
Behavior of Tac7 and NK7R Knockout Mice in Models of Depression

The stress-related behavior of tacI™/~ mice derived from these homozygous
animals on a congenic C57BL/6] genetic background was analyzed in models of
depression and anxiety (Bilkei-Gorzo et al. 2002). Based on the clinical associa-
tion of depressive episodes and stressful life events, many of the animal models
for the evaluation of antidepressant drug activity assess stress-precipitated be-
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haviors. The two most widely employed animal models for antidepressant drug
screening are the behavioral despair models of depression, such as the forced-
swim (Porsolt 1997; Porsolt et al. 1977b) and tail-suspension tests (Steru et al.
1985). These models are based on the observation that rodents, when forced
into an aversive situation from which they cannot escape, will rapidly cease
attempts to escape and become immobile. Although the relationship between
immobility and depression remains controversial (Gardier and Bourin 2001),
drugs with antidepressant activity generally reduce the time in which the an-
imals remain immobile (Borsini and Meli 1988; Porsolt et al. 1977a). Both the
forced-swimming test and the tail-suspension test are conceptually similar, but
they seem to be controlled by different sets of genes. A recent quantitative trait
loci (QTL) study has identified several genetic links to the propensity of behav-
ioral despair using the same assays (Yoshikawa et al. 2002). Unexpectedly, only
a small number of QTLs was shared, and one common QTL on chromosome 8
displayed opposite effects in the two tests. Thus, although the test paradigms
appear to be similar, distinct genetic pathways may underlie the despair-like
behaviors in these tests. This idea is supported by the common observation
that the efficacies of antidepressant drugs are different in the forced-swimming
and the tail-suspension tests.

In the forced-swimming test, active escape periods alternated with periods
in which the animals were completely inactive, or made only the movements
necessary to keep their head above water. TacI~/~ mice were more active in this
test than tac1*/* animals; they spent less time in immobility. These animals
behaved like wildtype animals treated with antidepressant drugs, including the
tricyclic uptake inhibitors imipramine and amitriptyline, or the selective sero-
tonin reuptake inhibitor fluoxetine. In the tail suspension test, the immobility
time in tacI~/~ mice was also significantly reduced. A significantly decreased
immobility time in the forced-swimming test was also observed in mouse
strains with genetic deletion of monoamine oxidase A (MAO A) (Cases et al.
1995) or MAO B (Grimsby et al. 1997). Both MAO A and MAO B are key enzymes
of the degradation of catecholamines. Pharmacological blockade of these en-
zymes is used clinically for the treatment of depression. Tacl™'~ mice were also
tested in another model of depression-related behavior, in the bulbectomy-
induced hyperactivity test. The bulbectomy test is fundamentally different
from the forced-swim or tail-suspension tests. It does not involve the concept of
behavioral despair, but is rather based on the observation that bulbectomy will
induce behavioral and neuroendocrinal changes similar to those observed in
depressive patients, which can be reversed with antidepressant treatment (Jes-
berger and Richardson 1988). In rodents bulbectomy induces a hypermotility,
which can be reversed by chronic antidepressant treatment (Otmakhova et al.
1992). Tacl™'~ animals did not show any bulbectomy-induced hyperactivity,
and they also behaved like animals treated with antidepressant in this test.

NKIR™~ mice also exhibited a reduced proneness to depression in the
forced-swimming and tail suspension tests (Rupniak et al. 2001). Also, the
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selective NKI1 receptor antagonist GR205171, as well as the serotonin reup-
take inhibitor fluoxetine, was active in the forced-swimming test, proving that
either acute pharmacological or life-long genetic blockade of NK1 receptor
function has a similar effect as antidepressant treatment. On the other hand,
pharmacological blockage of NK1 receptors with GR205171 failed to influence
the activity of animals in the tail-suspension test. The authors concluded that in
this model the increased activity of NKIR™/~ mice is not related directly to the
null mutation (Rupniak et al. 2001). Rather, desensitization of the presynap-
tic 5-HT A receptors, which was observed in this strain (Santarelli et al. 2001),
might be responsible for the altered behavior of NK1R knockouts in this model.

The results with tacI™~ and NKIR™/~ mice in these models of depression
strongly support the idea that the tachykinin system is involved in the patho-
physiology of depression.

4.3
Behavior of Tac7 and NK7R Knockout Mice in Models of Anxiety

The behavior of tacI™/~ mice was also analyzed in several animal models of
anxiety. The open-field test is a widely used tool for behavioral research, but
less specific for the evaluation of the anxiety state of the animal, because it is
asummation of the spontaneous motor and the exploratory activities, and only
the latter is influenced by the anxiety level (Choleris et al. 2001). Under aversive
environmental conditions (high level of illumination) the animals’ activity is
strongly affected by the emotional state, while less aversive situations (familiar,
dimly lit environment) are useful to assess the general motor activity of mice.
Because rodents avoid open areas, the activity of mice in the central part of the
open-field arena is inversely correlated to the anxiety level. TacI*/* mice spent
only 6.5% of their total activity in the central part, which represented 11%
of the total field, indicating that they avoided this aversive area. In contrast,
tacl™'~ mice spent 13.6% of their activity in the central area (Bilkei-Gorzo et al.
2002). The increased central activity of the tacI~/~ mice indicates that the test
situation was anxiogenic for tacl*'* animals, but less so for the knockout mice.

The Thatcher-Britton novelty conflict paradigm (Rochford et al. 1997)
evaluates the effect of an aversive environment on feeding behavior. In this
paradigm, food-deprived mice are placed at the periphery of a well-lit and un-
familiar open-field apparatus in contact with the enclosing walls. Food pellets
are placed in the center. This test is similar to the open-field test because the
animals also avoid the central area, but hunger rather than the exploration
drive is here the positive reinforcer (Rochford et al. 1997). Tacl ~/~ mice began
to eat significantly faster than tacI™* mice, thus indicating again a reduced
state of anxiety in the absence of SP (Bilkei-Gorzo et al. 2002).

Tacl™'~ mice were also studied in the zero-maze test, which is considered to
provide a specific and sensitive readout of the anxiety state of an animal. The
zero-maze device consists of an elevated annular platform, divided into two
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open and two enclosed compartments. High levels of anxiety are thought to be
associated with a reduced activity of mice in the open areas, and an increased
frequency of risk-assessing behaviors, such as stretch-attend postures (Shep-
herd et al. 1994). Tacl~/~ mice were more active in the open areas and showed
fewer stretch-attend postures than tacI™* animals. They behaved similar to
wildtype animals treated with diazepam (1 mg/kg), which was more potent
than buspirone (1 mg/kg), but less potent than ethanol (2 g/kg) in this test.

Finally, tac1™/~ and tac1*/* mice were tested in the social activity paradigm
(File 1985). In this paradigm two male mice that were unfamiliar to each
other are brought into a novel, brightly lit cage. The social drive of these
animals is tempered by the adversity of the situation. More anxious animals
explore the new environment rather than investigating the partner. Therefore
time spent with social interactions is inversely related to the anxiety state
of the animal. The social activity was significantly higher in tacI™/~ mice,
indicating again reduced levels of anxiety in these animals. The social behavior
of the animals was friendly and exploratory, antagonistic behaviors were not
observed. Altogether these results strongly suggested that tacl™'~ mice were
less anxious than tacI™* animals.

The first report describing the NK1 receptor knockout phenotype (de Felipe
et al. 1998) did not show any alteration in the anxiety level of knockouts using
the open-field test, where total and central activity of the animals was analyzed.
However, the authors also found that NKIR™/~ mice were less aggressive than
NKIR*'* controls and that they showed a reduced stress-induced analgesia.
These results indicated that the emotional reactivity of mice was affected by
the NK1 mutation. When the animals were tested in a later study in a modified
version of the open-field test and in the plus-maze test, the authors again
found no anxiety-related phenotype in this strain. Wildtype and knockout mice
showed similar horizontal motor activities, habituation-induced reduction in
the motor activity, and visits of unfamiliar objects placed onto the arena in the
open field. Furthermore, the time spent and visits to the open part of the plus-
maze device were also unaffected by the NK1 deletion (Murtra et al. 2000). The
negative result in these models clearly showed that the NK1 receptor activation
plays a more restricted role in the regulation of emotional states.

More recently, the influence of pharmacological blockade and genetic dele-
tion of NK1 receptor on the intensity of ultrasonic vocalization in neonatal
mice and guinea pigs was tested (Rupniak et al. 2000). This assay is based on
the observation that infant rodents emit ultrasonic calls that induce increased
care from the mothers. The intensity of ultrasonic calls is influenced by nu-
merous factors, but separation from the mother and littermates, and a cold
environment, together with unfamiliar tactile stimuli, seem to be the most
important. The intensity of the ultrasonic vocalization is related to the sever-
ity of the stress experienced by the pups, and is thought to correlate to the
emotionality of the animal.
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The pharmacological blockage of NK1 receptors with the highly CNS-
penetrant antagonists CP-99,994 or GR205171 but not their less-active enan-
tiomer L-796,325 nor poorly CNS-penetrant derivative CGP49823 reduced the
intensity of ultrasonic vocalization after maternal separation significantly,
while the NK1 receptor agonist GR73632 elicited vocalization in pups. These
pharmacological data strongly suggest that the activity of central NK1 recep-
tors modulates stress sensitivity in this paradigm. This finding was confirmed
through the analysis of NKIR™/~ mouse pups, because they also showed fewer
ultrasonic vocalizations after separation from their mothers.

It should be noted that antidepressants also reduce the number of calls in
this paradigm. Indeed, anxiolytics and antidepressants are similarly effective.
Rupniak and colleagues carefully compared the effects of pharmacological
blockade and genetic ablation of the NK1 receptor with the administration of
anxiolytics or antidepressant compounds in several animal models of depres-
sion and anxiety. While their findings generally supported the antidepressant
character of NK1 receptor blockade or deletion, they did not find evidence
for a role of NK1 receptors in the regulation of anxiety (Rupniak et al. 2001).
They found no difference between wildtype and NKIR™'~ mice in the plus-
maze test, and NK1 receptor antagonists had no effect in this model using rats
(treated with GR205171 having high affinity to the rodent-type NK1 receptor)
or guinea pigs (treated with L-760735 having high affinity to the human-type
NKI1 receptor). Altogether, the experiments with NKIR™/~ mice on a mixed ge-
netic background suggested that NK1 receptor is involved in stress responses
in animals. Modulation of the activity of these receptors has a clear effect in
the models of depression, but has a limited, if any, role in the regulation of
anxiety states.

In contrast, Santarelli and colleagues found significantly decreased anxiety
level in three different models of anxiety using knockout mice on a pure 129/Sv
genetic background (Santarelli et al. 2001). Knockout pups showed a reduced
level of ultrasonic vocalization after maternal separation. Diazepam or the NK1
receptor antagonist RP67580 elicited similar effects when injected into wild-
type mice. Mice with a selective deletion of NK1 receptor also had a reduced
level of anxiety in the elevated plus maze and in the novelty induced suppres-
sion of feeding paradigms. Moreover, the NK1 receptor antagonist RP67580 was
effective in the plus-maze test in the same set of experiments as the anxiolytic
reference compound diazepam, which shows that antagonism or deletion of
NK1 receptor produced a similar effect as treatment with an anxiolytic drug.
Not only the behavioral analysis, but also the analysis of stress hormone levels
provided evidence for decreased stress reactivity in NKI1R knockouts. Plasma
corticosterone levels were elevated after the plus-maze test in NKIR*'* mice,
but less so in NKIR™/~ mice. Thus, these studies support a proposed role for
NK1 receptors in the modulation of anxiety and suggest that this activity may
be dependent on the genetic background. A general overview of the pharmaco-
logical and genetic studies is summarized in Table 1. Altogether, the Santarelli
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study (Santarelli et al. 2001) provided strong evidence for reduced anxiety
levels in NK1 receptor-deficient mice, in contrast to what has been shown by
Rupniak or Murtra (Rupniak et al. 2000, 2001; Murta et al. 2000). The reason
for the discrepancy could be the difference in the genetic background (mixed
129/SvxC57BL/6] in all studies with negative results; pure 129/Sv in the positive
result); however, methodological differences also might have contributed.

It is interesting to note that pharmacological blockage of NK1 receptors also
revealed anxiolytic effects in the plus-maze test when mice from the 129/Sv
strain (Santarelli et al. 2001), but not from other strains (Rodgers et al. 2004),
were used. Thus, the anxiolytic effect of NK1 receptor antagonists seems to be
more sensitive to effects of the genetic background as compared to benzodi-
azepines. It is also possible that the relative contribution of the SP-NK1 system
in the modulation of anxiety is situation dependent. The basal corticosterone
levels in the blood plasma of NKIR™* and NKI~/~ mice do not differ in low-
stress situations, but the increase after the stressful elevated plus-maze test is
blunted in the knockout animals (Santarelli et al. 2001).

When we compare phenotype of mice with deletion of the neurotransmitter
(tacl™'~ mice; Bilkei-Gorzo et al. 2002) or the receptor (NK1 R~/~ mice; Rupniak
et al. 2000, 2001) in animal models of anxiety, we find consistently lower levels
in tacI™'~ mice, while only one study (Santarelli et al. 2001) found an anxiety-
related phenotype in NKIR™/~ mice. The reason for this discrepancy could
be due to the methods used, to genetic factors, or both. Probably the most
important difference in the testing method is the timing of the experiments:
studies with NKIR™/~ mice were carried out in the light (rest) phase, while tests
with the tac1™/~ mice were performed in the dark (active) phase. Although
nocturnal rodents generally avoid well-illuminated areas, they seem to be
more affected by the light conditions during the dark phase. It is tempting
to speculate that the testing conditions were highly aversive for tac1~/~ mice,
a factor that, in turn, may have contributed to the robust anxiety phenotype in
these animals.

On the other hand, an effect of the genetic background seems equally
possible, because significant differences in emotional behaviors have been
observed between NKR1~/~ mice on different genetic backgrounds.

Finally, we have to consider the possibility that the ablation of NKA in the
tacl”’~ mice has contributed to the anxiety phenotype. Although the preferred
receptor of NKA, NK2, is not abundantly expressed in the brain and many
researchers do not consider it an important modulator of anxiety, a recent
study has shown that SR48968, a selective antagonist of NK2 receptor, had an
enantioselective effect in animal models of anxiety (Griebel et al. 2001) and
depression (Steinberg et al. 2001).

Stress is thought to be an important factor in the pathophysiology of depres-
sion and anxiety disorders. It seems possible that the reduced stress reactivity
of NK1 receptor- and tacl-deficient mice has contributed to the behavioral
phenotypes observed in the animal models of anxiety and depression.
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Table1 Effect of pharmacological and molecular genetic modifications of the SP/NKI system

on anxiety level

Model Intervention Species Anxiety Reference(s)
level
Knockout NK1 gene deletion C57x129 No change De Felipe et al. 1998;
mice Murtra et al. 2000;
Rupniak et al. 2001
NKI1 gene deletion 129 mice Decreased  Santarelli et al. 2001
Tacl gene deletion C57BL/6] Decreased  Bilkei-Gorzo et al.
mice 2002
Treatment GR73632 (i.c.v.) Guinea pig  Increased  Kramer et al. 1998
with SPlocal (ventr. pallidum.) Rat Decreased  Nikolaus et al. 1999
agonist SPlocal (ventr. pallidum.) Rat Dose- Hasenohrl etal. 1998
dependent
effect
SP local (PAG) Rat Dose- Aguiar et al. 1996
dependent
effect
SP local (septal n.) Rat Increased Gavioli et al. 1999
SP fragments local (PAG)  Rat Fragment  De Araujo etal. 1999
dependent
SP (i.c.v.) Mice Increased  Teixeira et al. 1996
SP and C terminal (i.c.v.)  Rat Increased  Duarte et al. 2004
Sp Rat Decreased  Echeverryetal. 2001
Sp Swiss mice  Increased  Baretta et al. 2001
SP fragment Marmoset  Decreased  Barros et al. 2002
Treatment FK 888 Mice Decreased  Teixeira et al. 1996
with GR205171 Mice Decreased  Rupniak et al. 2000
antagonist GR205171 Rat No change  Rupniak et al. 2001
L-760735 Gerbil Decreased  Cheeta et al. 2001
L-760735 Guinea pig ~ Decreased  Kramer et al. 1998
L-760735 local Guinea pig  Decreased  Boyce et al. 2001
(amygdala)
NKP608 Gerbil Decreased  Gentsch et al. 2002
NKP608 Mice No change  Rodgers et al. 2004
NKP608 Rat Decreased ~ Vassout et al. 2000
RP 67580 Mice Decreased  Santarelli et al. 2001
RP 67580 Mice Increased  Zernig et al. 1993
RP 67580 Rat No change Loiseau et al. 2003
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5
Mechanism of Change in Phenotype in Tac1 and NK1R-Null Mutant Mice

One of the most important questions that remains to be answered concerns
the mechanism leading to the manifestation of the knockout phenotype. The
tacl and NK1R gene deletions could directly modulate stress-related behaviors
through an altered SP/NKI1 signaling of limbic neuronal circuits that mediate
stress-related behaviors, or act indirectly by affecting other systems. A direct
involvement of NK1R signaling is suggested by the widespread expression of SP
in neurons of many limbic structures, including various nuclei of the amygdala
(Gray and Magnuson 1992; Roberts et al. 1982), but also in the periaqueductal
gray area (Commons and Valentino 2002; Smith et al. 1994) and the nucleus
tractus solitarii (Batten et al. 2002).

It has recently been shown that modulations of the NKIR activity, through
selective antagonists (Blier et al. 2004) or by genetic ablations of NK1 re-
ceptors (Santarelli et al. 2001), resulted in an increased firing of serotonergic
neurons in the dorsal raphe nucleus (DRN). This finding suggests that the sero-
tonergic system is a downstream target of SP/NKIR signaling. Interestingly,
similar changes in the activity of limbic serotonergic neurons were observed
in animals after chronic administration of clinically effective antidepressant
selective serotonin reuptake inhibitors (Froger et al. 2001). However, because
only a few serotonergic neurons express NK1 receptors, the increased activity
of serotonergic cells in the DRN after NK1 receptor blockade is likely to result
from an indirect effect. A possible link between the two systems involves nora-
drenergic projections from the locus coeruleus, which contain NK1 receptors
in high concentration, to the raphe nuclei. Alternatively, glutamatergic cells in
the DRN, which also contain NK1 receptor, may be involved in the regulation
of serotonergic neurons by SP (Santarelli et al. 2001).

Together, the anatomical data and the results from genetically modified
animals support the idea that SP and other tacl-derived neuropeptides, play
amajorrolein stress responses, anxiety, and depression. Therefore, modulation
of the SP-NK1 system may have therapeutic value in the treatment of stress-
related neuropsychiatric disorders.
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Abstract This chapter reviews the genetic epidemiology of the major subtypes of anxiety
disorders including panic disorder, phobic disorders, generalized anxiety disorder, and
obsessive-compulsive disorder. Controlled family studies reveal that all of these anxiety
subtypes are familial, and twin studies suggest that the familial aggregation is attributable
in part to genetic factors. Panic disorder and, its spectrum have the strongest magnitude of
familial clustering and genetic underpinnings. Studies of offspring of parents with anxiety
disorders an increased risk of mood and anxiety disorders, but there is far less specificity of
the manifestations of anxiety in children and young adolescents. Although there has been
a plethora of studies designed to identify genes underlying these conditions, to date, no
specific genetic loci have been identified and replicated in independent samples.
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1
Introduction

During the past decade there has been an increasing focus on anxiety disorders,
which have emerged as the most prevalent mental disorders in the general
population. According to several international community surveys, such as
the National Comorbidity Study (NCS) in the United States, the Zurich Cohort
Study, and the WHO World Mental Health 2000 Initiative Nemesis Study (Bijl
etal. 1998), anxiety disorders affect nearly one in four adults in the population.
The magnitude of anxiety disorders in youth is quite similar to that reported in
adults, thereby indicating the importance of a life-course approach to the study
of anxiety. These diverse investigations have also advanced our understanding
of anxiety disorders by portraying the natural history of these disorders in
a descriptive sense, raising important issues about the comparability of clinical
and community samples concerning treatment utilization, and the universal
nature of psychiatric conditions.

2
Assessment and Definitions of Anxiety Disorder

In this chapter, we consider categorical anxiety disorders as defined by the
standardized diagnostic criteria of American Psychiatric Association’s Diag-
nostic and Statistical Manual for Psychiatric Disorders [i.e., DSM-III (1980),
DSM-III-R (1987), DSM-IV (1994)]. The subtypes of anxiety states included
are: panic disorder, agoraphobia, specific phobia, social phobia, generalized
anxiety/overanxious disorder, separation anxiety, and obsessive-compulsive
disorder.

3
Familial and Genetic Factors

The familial aggregation of all of the major subtypes of anxiety disorders
has been well-established (Merikangas and Herrell 2004). As reviewed in the
following section, when taken together, the results of more than a dozen con-
trolled family studies of probands with specific subtypes of anxiety disorders
demonstrate a three- to five-fold elevated risk of anxiety disorders among
first-degree relatives of affected probands compared to those of controls. The
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Table 1 Summary of family and twin studies of anxiety disorders

Type of Comparison Number of studies Average Range

study relative risk

Family  Relatives of probands vs 13 Panic 5.4 (4.2-17.8)

relatives of controls 4 Social phobia 3.1 (2.5-9.7)

3 Generalized anxiety 4.3 (2.7-5.6)
30CD 3.5 (1.0-5.1)

Twin Monozygotic vs dizygotic 3 Panic 2.4 (2.2-2.5)
4 Phobias 2.6 (1.4-9.5)
1 0CD 4.9 NR

NR, no range reported; OCD, obsessive-compulsive disorder.

importance of the role of genetic factors in the familial clustering of anxiety
has been demonstrated by numerous twin studies of anxiety symptoms and
disorders (Kendler et al. 1996; Kendler et al. 1994). However, the relatively
moderate magnitude of heritability also strongly implicates environmental
etiologic factors. Table 1 summarizes the results of family and twin studies of
anxiety disorders.

4
Review of Family and Twin Studies of Anxiety Disorders in Adults

4.1
Panic Disorder

Of the anxiety subtypes, panic disorder has been shown to have the strongest
degree of familial aggregation. A recent review of family studies of panic dis-
order by Gorwood et al. (1999) cited 13 studies that included 3,700 relatives of
780 probands with panic disorder compared to 3,400 relatives of 720 controls.
The lifetime prevalence of panic was 10.7% among relatives of panic disorder
probands compared to 1.4% among relatives of controls, yielding a seven-
fold relative risk. In addition, early onset panic disorder, panic associated with
childhood separation anxiety, and panic associated with respiratory symptoms
have each been shown to have a higher familial loading than other varieties of
panic disorder (Goldstein et al. 1997).

Although there has been some inconsistency reported by twin studies of
panic disorder (see McGuffin et al. 1994), two studies applying DSM-III-R
diagnostic criteria demonstrated considerably higher rates in monozygotic
twins compared to dizygotic twins (Kendler et al. 1993; Skre et al. 1993).
Furthermore, current estimates derived from the Virginia Twin Registry show
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panic disorder to have the highest heritability of all anxiety disorders at 0.44
(i.e., the proportion of variance attributable to genes) (Kendler et al. 1995).

4.2
Phobic Disorders

Though there are far fewer controlled family and twin studies of the other
anxiety subtypes, all of the phobic states (i.e., specific phobia, agoraphobia)
have also been shown to be familial (Fyer etal. 1995; Noyes et al. 1987; for review,
see Merikangas and Angst 1995). The average relative risk of phobic disorders
in the relatives of phobics is 3.1. Stein et al. (1998a) found that the familial
aggregation of social phobia could be attributed to the generalized subtype of
social phobia. Data from the Virginia Twin Study report the estimated total
heritability for phobias to be 0.35 (Kendler et al. 1992).

4.3
Generalized Anxiety Disorder

There is also evidence for both the familial aggregation and heritability of
generalized anxiety disorder (GAD) in a limited number of studies. There is
a five-fold average increase in the rister of GAD among relatives of probands
with GAD compared to that among relatives of controls 5 (Mendlewicz et al.
1993; Noyes et al. 1987) and the heritability of GAD among female twins is 0.32
(Kendler et al. 1992).

4.4
Obsessive—Compulsive Disorder

There are also very few controlled family studies of obsessive-compulsive dis-
order. Two of the three studies (Pauls et al. 1995) reported familial relative risks
of 3-4, whereas a third study (Black et al. 1992) found no evidence for familial
aggregation. Nestadt et al. (2000) found that both an early age of onset and
obsessions, but not compulsion were associated with greater familiality. Twin
studies have yielded weak evidence for heritability of obsessive-compulsive
disorder (Bellodi et al. 1992; Carey and Gottesman 1981; Lenane et al. 1990).

5
Review of Linkage and Association Studies of Anxiety Disorders

Therehasbeen a plethora oflinkage and association studies attempting to iden-
tify genes for anxiety disorders. The neurotransmitter systems that have been
implicated in anxiety disorders include adenosine, adrenaline, noradrenaline,
dopamine, serotonin, cholecystokinin, and y-aminobutyric acid (GABA). In
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addition, the enzymes involved in biogenic amine degradation [catechol-O-
methyltransferase (COMT), monoamine oxidase A (MAO-A)] and in cate-
cholamine synthesis [tryptophan hydroxylase (TPH), tyrosine hydroxylase
(TRH)] have also been investigated.

Of all the anxiety disorders, panic disorder has been given the most atten-
tion. Despite a long list of linkage and association studies (Benjamin et al. 1997;
Crawford et al. 1995; Crowe et al. 1987a,b, 1990, 1997, 2001; Deckert et al. 1997,
1998, 1999, 2000; Fehr et al. 2000a,b, 2001; Gelernter et al. 2001; Gratacos et al.
2001; Hamilton et al. 1999, 2000a,b, 2001, 2002, 2003; Han et al. 1999; Hattori
etal. 2001; Inada et al. 2003; Ise et al. 2003; Ishiguro et al. 1997; Kato et al. 1996;
Kennedy et al. 1999; Knowles et al. 1998; Matsushita et al. 1997; Mutchler et al.
1990; Nakamura et al. 1999; Ohara et al. 1996, 1998a,b, 1999, 2000; Philibert
et al. 2003; Sand et al. 2000; Schmidt et al. 1993; Steinlein et al. 1997; Tadic
et al. 2003; Thorgeirsson et al. 2003; Wang et al. 1992, 1998; Weissman et al.
2000; Yamada et al. 2001), few have investigated exactly the same genetic vari-
ants, and no studies with positive findings have been replicated. Studies with
positive findings have either not been replicated or purpoted replications have
not tested the same loci (Hattori et al. 2001; Kennedy et al. 1999; Nakamura
et al. 1999; Ohara et al. 1999; Tadic et al. 2003; Benjamin et al. 1997; Deckert
et al. 1998, 1999; Fehr et al. 2000a, 2001; Hamilton et al. 2000a,b; Inada et al.
2003; Lappalainen et al. 1998; Yamada et al. 2001). There have been, however,
a multitude of replicated negative studies.

The summary of findings on obsessive-compulsive disorder is similarly
inconclusive. The few positive findings among the long list of linkage and
association studies (Alsobrook et al. 2002; Bengel et al. 1999; Billett et al. 1997,
1998; Brett et al. 1995; Camarena et al. 1998, 2001a,b; Catalano et al. 1994;
Cavallini et al. 1998; Cruz et al. 1997; Di Bella et al. 1996, 2002; Enoch et al.
1998; Erdal et al. 2003; Frisch et al. 2000; Han et al. 1999; Hanna et al. 2002;
Hemmings et al. 2003; Karayiorgou et al. 1997; Karayiorgou et al. 1999; Kinnear
et al. 2001; Kinnear et al. 2000; McDougle et al. 1998; Millet et al. 2003; Mundo
et al. 2000, 2002; Nicolini et al. 1996; Niehaus et al. 2001; Novelli et al. 1994;
Ohara et al. 1998a,b, 1999; Schindler et al. 2000; Walitza et al. 2002) have been
replicated by the same authors a few years later (Camarena et al. 1998, 2001a;
Karayiorgou et al. 1997, 1999; Kinnear et al. 2001; Mundo et al. 2000, 2002;
Niehaus et al. 2001). Other positive studies have either not been replicated
(Bengel et al. 1999; Billett et al. 1997, 1998; Camarena et al. 2001b; Kinnear
et al. 2000; Ohara et al. 1998a) or not tested again (McDougle et al. 1998; Ohara
etal. 1999). The single positive finding of an association between the serotonin
receptor (2A) promoter polymorphism (—438G/A) and obsessive-compulsive
disorder by Enoch etal. (1998) was replicated by an independent group, Walitza
et al. (2002).

Fewer studies (Fehr et al. 2000b, 2001; Ohara et al. 1998a, 1999; Tadic et al.
2003) have investigated genetic loci for generalized anxiety disorder; and those
with positive results either await replication (Ohara et al. 1999; Tadic et al. 2003)
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or have shown to have no association in previous studies (Lappalainen et al.
1998). The two linkage studies (Kennedy et al. 2001; Stein et al. 1998b) of so-
cial phobia have been examined by the same group and found to be negative.
One genome scan for simple phobia has been performed with a LOD score of
3.17 on chromosome 14 (Gelernter et al. 2003). One positive-association study
(Comings et al. 1996) of posttraumatic stress disorder with the Al allele of
the dopamine (D2) receptor polymorphism was not replicated in a subsequent
study (Gelernter et al. 1999).

6
Family Studies and Phenotypic Definitions

The lack of success in identifying specific genes for anxiety disorders is not
surprising given their complexity. Similar to several other psychiatric disor-
ders, the anxiety disorders are complicated by (1) etiologic and phenotypic
heterogeneity, (2) alack of valid diagnostic thresholds, (3) unclear boundaries
between “discrete” anxiety subtypes, and (4) comorbidity with other forms
of psychopathology. The major impediment to estimating genetic influences
in youth is the lack of rediability and validity of the measures themselves.
For example, heritability estimates differ dramatically by the source of the
information (child vs. parent) (Eaves et al. 1997).

The family study approach, particularly when employed with systematic
community-based samples, is one of the most powerful strategies to mini-
mize heterogeneity, since etiologic factors for the development of a particular
disorder can be assumed to be relatively homotypic within families. There is
a dearth of studies that have employed within-family designs to examine either
phenotypic expression or some of the putative biologic factors underlying the
major anxiety disorders. For example, both Pernaetal. (1996, 1995) and Coryell
(1997) have shown that healthy relatives of probands with panic disorder have
increased sensitivity to CO; challenge, suggesting that CO, sensitivity may be
a promising trait marker for the development of panic. Smoller and Tsuang
(1998) discuss the value of family and twin studies in identifying phenotypes
for genetic studies.

Both family and twin studies have been used to examine sources of overlap
within the anxiety disorders, and between the anxiety disorders and other
syndromes, including depression, eating disorders, and substance abuse. Fyer
etal. (1996, 1995) have demonstrated the independence of familial aggregation
of panic and phobias. With respect to comorbidity, whereas panic disorder,
generalized anxiety, and depression have been shown to share common familial
and genetic liability (Kendler et al. 1996; Maier et al. 1995; Merikangas et al.
1998b), there is substantial evidence for the independent etiology of anxiety
disorders and substance use disorders (Kushner et al. 2000; Merikangas et al.
1998b; Smoller and Tsuang 1998). Results emerging from studies of symptoms
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of anxiety and depression in youth in which both anxiety and depression
present indirecte the source may be a common genetic diathesis (Eley and
Stevenson 1999; Thapar and McGuffin 1997).

In a comprehensive consideration of what may be inherited, Marks (1986)
reviewed the components of anxiety that have been investigated in both human
and animal studies. Evidence from twin studies has indicated that the somatic
manifestations of anxiety may result in part from genetic factors. These studies
demonstrate that physiologic responses, such as pulse, respiration rate, and
galvanic skin response, are more alike in monozygotic twins than in dizygotic
twin pairs. Furthermore, twin studies of personality factors have shown high
heritability of anxiety reaction. Finally, the results of animal studies have sug-
gested that anxiety or emotionality is under genetic control. Selective breeding
experiments with mammals have demonstrated that emotional activity anal-
ogous to anxiety is controlled by multiple genes (Marks 1986). These findings
suggest that anxiety and fear states are highly heterogeneous and that future
studies need to investigate (1) the extent to which the components of anxiety
result from common versus unique genetic factors and (2) the role of environ-
mental, biologic, and social factors in either potentiating or suppressing their
expression.

7
High-Risk Studies of Anxiety Disorders

Given the early age of onset for anxiety disorders, studies of children of parents
with anxiety have become an increasingly important source of information on
the premorbid risk factors and early forms of expression of anxiety. Increased
rates of anxiety symptoms and disorders among offspring of parents with anx-
iety disorders have been demonstrated by Turner (1987), Biederman (1991),
Sylvester (1988), Last (1991), Warner (1995b), Beidel et al. (1997), Beidel (1988),
Capps et al. (1996), Merikangas et al. (1998a), Unnewehr et al. (1998), and
Warner et al. (1995a). Table 2 shows that the risk of anxiety disorders among
offspring of parents with anxiety disorders compared to those of controls av-
erages 3.5 (range 1.3-13.3), suggesting specificity of parent-child concordance
within broad subtypes of anxiety disorders.

However, similar to studies of adults that show common familial and genetic
risk factors for anxiety and depression (Kendler et al. 1996; Merikangas 1990;
Stavrakaki and Vargo 1986), studies in children have also revealed a lack of
specificity of parental anxiety and/or depression (Beidel and Turner 1997;
Sylvester et al. 1988; Turner et al. 1987; Warner et al. 1995b).

The high rates of anxiety disorders among offspring of parents with anxiety
suggest that there may be underlying psychologic or biologic vulnerability fac-
tors for anxiety disorders in general that may already manifest in children prior
to puberty. Previous research has shown that children at risk for anxiety dis-
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Table2 Controlled high-risk studies of anxiety

Sample Relative ~ Study Author (YR)
risk

Proband Offspring
Anxiety Comorbid Diagnoses n Age
Panic Simple 87 5-15 9.2 Unnewehr et al. 1998
Panic MDD - 91 7-17 13.3 Sylvester et al. 1987
Panic/MDD  Panic Earlyon- 145 6-29 1.3 Warner et al. 1995

set MDD

Agor Agor/Panic - 43 8-24 - Capps et al. 1996
Agor/OCD Dysthymia - 43 7-12 4.8 Turner et al. 1987

Panic/Social ~ Alcohol or ~ Substance 192 7-17 2.0 Merikangas et al. 1998
Phobia Drugs +Anxiety

Anxiety+Dep Anxiety MDD 129 7-12 4.0 Beidel et al. 1997

Agor, agoraphobia; Dep, depression; Dx, diagnosis; MDD, major depressive disorder; OCD,
obsessive-compulsive disorder; Not eval, not evaluated.

orders throughout life are characterized by behavioral inhibition (Rosenbaum
etal. 1988), autonomic reactivity (Beidel 1988; Merikangas et al. 1999), somatic
symptoms (Reichler et al. 1988; Turner et al. 1987), social fears (Sylvester et al.
1988; Turner et al. 1987), enhanced startle reflex (Merikangas et al. 1999), and
respiratory sensitivity (Pine et al. 2000).

8
Future Directions for Research on Anxiety

There are several directions that will be fruitful for future research. Better com-
prehension of the phenomenology of the specific anxiety disorders and their
overlap among each other and with other forms of psychopathology should
guide the development of the next phase of diagnostic categories of anxiety.
In addition, as neuroscience and genetics inform our knowledge regarding
neural processes underlying anxiety disorders and the role of genetic and en-
vironmental factors in their evolution, studies of treatment and prevention
strategies will assume increasing importance in reducing the magnitude and
burden of this major source of mental disorders.

Some specific areas of future research should address the following issues:

- Establish more accurate and developmentally sensitive methods of assess-
ment of anxiety with a focus on developing objective measures of the com-
ponents of anxiety
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- Apply within-family design to minimize etiologic heterogeneity and to re-
fine diagnostic boundaries and thresholds

- Investigate the specificity of putative markers with respect to other psychi-
atric disorders and the longitudinal stability of specific subtypes of anxiety
disorders

- Examine the mechanisms for the onset of panic attacks associated with
substance use

- Develop research on hormonally mediated neurobiologic function in or-
der to understand gender differences predisposing women to experience
decreased resiliency to fear-provoking stimuli

- Investigate the mechanisms for comorbidity of specific medical disorders
with anxiety symptoms and disorders.
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Abstract The amount of evidence for a role of aberrant serotoninergic neurotransmission in
the aetiology of anxiety disorders, such as generalised anxiety and panic disorder, has been
increasing steadily during the past several years. Although the picture is far from complete
yet—partly due to the large number of serotonin (5-HT) receptors and the often-disparate
effects of receptor agonists and antagonists in animal models of anxiety—SSRIs and the
5-HT1 agonist buspirone have now earned their place in the treatment of anxiety disorders.
However, these drugs show—as they do in depressed patients—a delayed onset of improve-
ment. Therefore, new therapeutical strategies are being explored. Corticotropin-releasing
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hormone (CRH), which plays a key role in the autonomic, neuroendocrine and behavioural
responses to stress, is a strong anxiogenic neuropeptide and a promising candidate for
therapeutical intervention in anxiety disorders. The neuroanatomical localisation of CRH,
its congeners (the urocortins) and their receptors within the serotoninergic raphé nuclei
suggests that interactions between the CRH system and 5-HT may play a role in fear and
anxiety. In this chapter, I will discuss studies from my own and other laboratories showing
that CRH and the urocortins influence several aspects of serotoninergic neurotransmission,
including the firing rate of 5-HT neurones and the release and synthesis of this monoamine.
Moreover, the interactions between CRH and 5-HT during psychologically stressful chal-
lenges will be discussed. Finally, I will review data showing that long-term alterations in the
CRH system lead to aberrant functioning of serotoninergic neurotransmission under basal
and/or stressful conditions. From this growing set of data the picture is emerging that the
CRH system exerts a vast modulatory influence on 5-HT neurotransmission. An aberrant
cross-talk between CRH and 5-HT may be of crucial importance in the neurobiology of
anxiety disorders and represents, therefore, a promising goal for therapeutical intervention
in these psychiatric diseases.

Keywords Serotonin - Corticotropin-releasing hormone - Hippocampus - Stress -
In vivo microdialysis

Abbreviations

5-HIAA 5-hydroxyindoleacetic acid

5-HT Serotonin (5-hydroxytryptamine)
CRH Corticotropin-releasing hormone
CRH1 CRH receptor type 1

CRH2 CRH receptor type 2

DRN Dorsal raphé nucleus

GABA y-aminobutyric acid

HPA Hypothalamic-pituitary-adrenocortical
ic.v. Intracerebroventricular

MRN Median raphé nucleus

SSRI Selective serotonin reuptake inhibitor
TPH Tryptophan hydroxylase

1

Introduction

Stress-related anxiety disorders, such as generalised anxiety and panic dis-
order, are heavily debilitating diseases. The number of people suffering from
these and other stress-related psychiatric illnesses, for instance major depres-
sion, seems to increase steadily in Western society. Benzodiazepines have been,
already for decades, widely used in the treatment of anxiety. The side-effects of
these y-aminobutyric acidergic (GABAergic) neurotransmission-modulating
drugs, including drug dependency and sedation, have urged researchers to
search for alternative therapeutic strategies. During the past several years, the
neurotransmitter serotonin (5-HT) has attracted much attention. This atten-
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tion stems, on the one hand, from the principal role of 5-HT in the regulation
of behavioural responses to stress [e.g. the regulation of fear (Millan 2003)]
and, on the other hand, from the disturbances in this system observed in
depressed and anxious subjects (Mann 1998; Maes and Meltzer 1995; Ressler
and Nemeroff 2000). Moreover, it has been found that the therapeutic efficacy
of drugs influencing serotoninergic neurotransmission can be extended from
major depression to several anxiety disorders. The antidepressant selective
serotonin reuptake inhibitors (SSRIs; for instance fluoxetine and paroxetine)
and the 5-HT;a receptor agonist buspirone are now commonly used in the
treatment of anxiety (Millan 2003). The delay in improvement of the disease
remains, as it is with the treatment of depression, a major disadvantage of
these classes of drugs. Unfortunately, the further development of anxiolytic
drugs affecting the 5-HT system is complicated by the very heterogeneous psy-
chopathology of anxiety disorders. Hence, it has been speculated that the role
of 5-HT and the neuroanatomical pathways involved may be very different for
generalised anxiety disorder as compared to panic disorder (Graeff et al. 1996).

The complex role of 5-HT in anxiety and depression, not in the last place
also caused by the high number of 5-HT receptors known at present and by the
conflicting results of agonist and antagonist studies, have stimulated investi-
gations on other putative mediators in psychiatric diseases. The neuropeptide
corticotropin-releasing hormone (CRH) plays a key role in various aspects of
the body’s responses to stressful physical and psychological challenges. Dur-
ing stress, CRH not only activates the hypothalamic-pituitary-adrenocortical
(HPA) axis and the sympathetic nervous system but also initiates behavioural
strategies to cope with the stressor. This latter feature places CRH in a prime
position to regulate the behavioural responses to fear-inducing stressful stim-
uli. Indeed, it has now been well established that CRH has anxiogenic char-
acteristics in various animal models (Dunn and Berridge 1990). Moreover,
hyperactivity of the CRH system has been implicated in the pathophysiology
of depression and anxiety (Nemeroff et al. 1984; Raadsheer et al. 1994; Arbore-
lius et al. 1999). These observations have led to the development of specific
CRH receptor antagonists for the treatment of these psychiatric disorders. Re-
cently, the first open study has demonstrated anxiolytic and antidepressant
properties of the CRH receptor type 1 (CRH1) antagonist NBI 30775 (formerly
known as R121919) in 20 depressed patients (Zobel et al. 2000).

The above-described observations indicate that aberrations in both CRH
and 5-HT functioning are involved in the aetiology of depression and anx-
iety. Based on this assumption, we have hypothesised that changes in the
CRH system may eventually evolve downstream in altered serotoninergic neu-
rotransmission. In this chapter, I will review studies of my own and other
laboratories showing that CRH affects the synthesis, release and metabolism
of 5-HT after central administration and during psychologically stressful chal-
lenges. Moreover, the effects of various anxiety tests on 5-HT in different brain
structures will be described and evidence will be put forward showing that
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long-term changes in the CRH system (e.g. chronic infusion of CRH, CRH1-
deficiency and long-term administration of a CRH1 antagonist) resultin altered
serotoninergic neurotransmission under basal and/or stressful conditions in
rodents. The description of the effects of CRH on the 5-HT system will be pre-
ceded by an overview of studies that have demonstrated interactions between
CRH and 5-HT at the neuroanatomical level.

2
Neuroanatomical Basis for the Interactions Between CRH and Serotonin

The raphé nuclei in the brainstem, containing the majority of serotoninergic
neurones (Dahlstrém and Fuxe 1964; Steinbusch 1981), can be neuroanatom-
ically divided in a rostral and a caudal group (Jacobs and Azmitia 1992;
Tork 1990). The caudal raphé nuclei (raphé pallidus nucleus, raphé obscu-
rus nucleus, raphé magnus nucleus and serotoninergic neurones in the ventral
lateral medulla) largely project to the spinal cord. In contrast, the rostral raphé
nuclei, i.e. the dorsal raphé nucleus (DRN), the median raphé nucleus (MRN),
the caudal linear nucleus and the supralemniscal region, give rise to a dense
innervation of the forebrain. Regarding depression and anxiety, the DRN and
the MRN have drawn the most attention, based on their innervation of higher
brain structures. However, given the prime role of the caudal raphé nuclei in
the regulation of visceral parameters together with the pronounced vegetative
complaints in depressed and anxious subjects, future research will also need
to implement these 5-HT cell body regions.

Already in the early 1980s, CRH-immunoreactive cell bodies and fibres had
been described in the rostral and caudal raphé nuclei of rats (Cummings et al.
1983; Swanson et al. 1983; Sakanaka et al. 1987). A recent study on post-mortem
human brain sections demonstrated CRH nerve terminals in close vicinity of
serotoninergic somata and primary dendrites (Ruggiero et al. 1999). Also in
the rat, CRH-immunoreactive fibres are found in association with neurones
containing tryptophan hydroxylase (TPH) (Lowry et al. 2000) or 5-HT (Kirby
et al. 2000; Valentino et al. 2001). Fibres immunoreactive for the CRH-like
neuropeptide urocortin 1 (Vaughan et al. 1995) have been found in the DRN
and to a lesser extent in the MRN and the caudal raphé nuclei (Bittencourt
etal. 1999). Moreover, cell bodies containing urocortin 1 were visible in the rat
DRN and MRN after colchicine treatment (Kozicz et al. 1998; Bittencourt et al.
1999). Regarding the recently discovered new members of the CRH family, the
neuroanatomical localisation of urocortin 2 (Reyes et al. 2001) in the raphé nu-
clei has not been studied so far, and no—or very few—urocortin 3 (Lewis et al.
2001) immunoreactive fibres have been observed in the DRN (Li et al. 2002).

The serotoninergic neurones in the DRN and MRN do not form a homoge-
neous population, as was pointed out excellently in a recent article by Christo-
pher Lowry (2002). Based on differences in morphology, electrophysiological
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properties and stress-responsiveness, several subpopulations of serotoniner-
gic neurones can be recognised (see also Jacobs and Azmitia 1992 and Beck
et al. 2004). A concept is now arising that such subpopulations may have dis-
tinct functional properties and are differentially regulated by afferent inputs.
In this light, the recent studies on the topographical distribution of CRH-
immunoreactive fibres in the DRN are highly relevant. CRH-immunoreactive
fibres show a clear rostral to caudal innervation pattern of the DRN (Kirby
et al. 2000; Lowry et al. 2000; Valentino et al. 2001). CRH innervation is most
dense in the interfascicular and ventromedial regions at rostral to medial
levels. In the caudal DRN this innervation changes to the more dorsal and dor-
solateral parts. Interestingly, the innervation pattern of CRH does not match
one-to-one with the distribution of 5-HT neurones in the DRN. For example,
ample 5-HT cell bodies are found in the ventromedial/interfascicular region of
the caudal DRN, but CRH innervation is relatively sparse in this region. This
innervation pattern may underlie the important observation that CRH also
innervates non-serotoninergic neurones and that CRH receptors have been
found on GABA-immunopositive neurones (Roche et al. 2003).

Modulation of 5-HT neurones by neuropeptides of the CRH family is also
supported by the localisation of CRH receptors in the raphé nuclei. At present,
two types of CRH receptors have been characterised, CRH1 and CRH re-
ceptor type 2 (CRH2). These receptors show distinct binding affinities for
CRH and the urocortins (see Reul and Holsboer 2002). Whereas CRH binds
relatively selectively to CRH1 (Chen et al. 1993; Lovenberg et al. 1995), uro-
cortin 2 and urocortin 3 are selective ligands for CRH2 (Lewis et al. 2001; Reyes
et al. 2001). In contrast, urocortin 1 binds with high affinity to both receptor
types (Vaughan et al. 1995). The rostral and caudal groups of raphé nuclei ex-
press low to moderate levels of CRH1 mRNA (Chalmers et al. 1995; Bittencourt
and Sawchenko 2000; Van Pett et al. 2000). Whereas no CRH2 mRNA has been
found in the caudal raphé nuclei, moderate CRH2 mRNA levels were detected
in the MRN and higher levels in the DRN (Chalmers et al. 1995; Bittencourt
and Sawchenko 2000; Van Pett et al. 2000). Day and colleagues (2004) showed
CRH2 mRNA expression especially at the middle and caudal levels of the DRN.
In contrast, CRH2-immunoreactive neuronal profiles have been described in
both the rostral and caudal raphé nuclei (Lowry et al. 2002). Double-labelling
immunocytochemistry studies have shown that CRH1 co-localises with TPH
(Lowry et al. 2002). Moreover, in the dorsolateral part of the DRN, CRH re-
ceptors are expressed on GABAergic neurones (Roche et al. 2003). This study
could not, however, discriminate between CRH1 and CRH2. Interestingly, at
caudal DRN levels CRH2 seems to be expressed on both 5-HT and GABAergic
neurones (Day et al. 2004).

The neuroanatomical data collected so far indicate that the CRH system
is clearly in the position to modulate serotoninergic neurotransmission at the
level of the raphé nuclei, not only directly but also indirectly via effects targeted
to GABAergic interneurones. More detailed studies, however, will be needed
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to clarify the modulatory role of CRH and its related neuropeptides on the
functionally different subpopulations of 5-HT neurones in the raphé nuclei.
Their results will also contribute to our understanding of the role of CRH-5-HT
interactions in anxiety and depression.

3
Effects of Central Administration of CRH and Related Peptides
on Serotoninergic Neurotransmission

The anxiogenic properties of CRH after central administration in rodents have
been extensively described (see Dunn and Berridge 1990; Arborelius et al.
1999). Moreau and colleagues have shown that central administration of uro-
cortin 1 also induces anxiety-like behaviour in various classical tests for anxiety
in rats and mice (Moreau et al. 1997). In contrast, two recent reports have found
no effect or increased anxiety in urocortin 1-deficient mice (Wang et al. 2002;
Vetter et al. 2002). The role of the CRH system in anxiety has become more
complex with the recent observations that urocortin 2 and urocortin 3 may ex-
ert anxiolytic properties. Urocortin 3 displays an acute (10-min pre-treatment
interval) anxiolytic effect in rats tested on the elevated plus maze (Valdez
etal. 2003). Interestingly, the anxiolytic effects of urocortin 2 were delayed, i.e.
this neuropeptide increases open arm exploration in the elevated plus maze
not earlier than 4 h after administration (Valdez et al. 2002). Therefore, the
question now arises whether the neuropeptides of the CRH family also exert
distinct effects and/or effects with differential time courses within the 5-HT
system. Unfortunately, this question cannot be fully answered at present, as
only very limited data are available on the effects of the urocortins on neuro-
transmitters. The effects of central administration of CRH and the urocortins
(as far as available) on different aspects of serotoninergic neurotransmission
will be discussed in the following section.

3.1
Activation of Serotonin Neurones as Indicated by Expression of c-Fos

Expression of the immediate early gene product c-fos is often used as an indi-
cator of neuronal activation. Various anxiety-inducing challenges, such as the
elevated plus maze (Silveira et al. 1993), social defeat (Martinez et al. 1998),
forced swimming (Cullinan et al. 1995) and inescapable tail shock (Grahn
et al. 1999) all induce the expression of c-fos in the DRN and/or MRN. Recent
evidence shows that anxiogenic drugs of different chemical classes activate
a specific subset of neurones in the DRN (Abrams et al. 2002). Intracere-
broventricular (i.c.v.) administration of CRH and urocortin 1 causes a pro-
found increase in the expression of c-fos in the DRN, whereas only moderate
effects in the MRN and in some caudal nuclei were observed (Bittencourt and
Sawchenko 2000). Urocortin 2 did not influence c-fos expression in the raphé
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nuclei (Reyes et al. 2001), whereas the effects of urocortin 3 on this parameter
have not been studied so far. Interestingly, swim stress-induced expression of
c-fos in the DRN (dorsolateral part) is reduced after pre-treatment with the
CRHI antagonist antalarmin (Roche et al. 2003). The majority of neurones
expressing c-fos in this study, however, were doubly labelled for GABA.

3.2
Firing Rate of Serotonin Neurones

The effects of CRH on the firing rate of 5-HT neurones in the DRN have been
studied during two conditions: the in vivo firing rate under halothane anaesthe-
sia and the in vitro firing rate in brain slices. The effects of i.c.v. administration
of CRH on the in vivo firing rate depend on the dose used. Low doses of CRH re-
sultin a decrease in the firing rate of neurones in the rostral and medial aspects
of the DRN, whereas higher doses are without effect or cause an increase (Price
etal. 1998; Kirby et al. 2000). Similar results were obtained after intra-raphé ap-
plication of CRH (Price et al. 1998). In contrast, bath application of CRH causes
a clear increase in the in vitro firing rate of neurones located in the ventral and
interfascicular region of the caudal DRN, but is without effect in the dorso-
medial region at the same rostral-caudal level (Lowry et al. 2000). It cannot be
excluded that the anaesthesiain thein vivo and the absence of innervation in the
in vitro preparation contribute to the differential effects of CRH as observed in
these studies. However, alternatively, these results may point to the existence of
distinct subpopulations of 5-HT neurones. Unfortunately, little information is
yet available on the topography of 5-HT neurones activated during anxiogenic
challenges. Of interest in this respect is the observation that forced swimming
in water of 25 °C especially activates GABAergic neurones in the dorsolateral
DRN (Roche et al. 2003). Because these GABAergic neurones are enveloped by
CRH fibres, it may be speculated that the effects of CRH on 5-HT neurones may
depend on the final balance between direct stimulatory effects and inhibitory
effects caused by the release of GABA. The dose-dependency of the effects of
CRH on in vivo firing rate may also point to a differential involvement of CRH1
and CRH2. The first study on the effects of CRH2 ligands by Rita Valentino and
colleagues has shown that injection of urocortin 2 into the DRN inhibits 5-HT
neurones at a dose 0f 0.1-10 ng, but results in an activation of such neurones at
adose of 30 ng, possibly as a result of inhibition of non-serotoninergic (GABA?)
neurones (Pernar et al. 2004). Based on the dose-dependent effects of CRH and
urocortin 2, these authors have postulated that CHR1 and CRH2 may exert op-
posing effects on the firing rate of 5-HT neurones in the DRN via activation and
inhibition of GABAergic neurones respectively (Pernar et al. 2004). A detailed
picture of the localisation of CRH1 and CRH2 within the different types of neu-
rones in the raphé nuclei and of their distribution in the different subregions of
these brain structures will be of utmost importance for a better understanding
of the effects of CRH and its congeners on 5-HT neuronal activity.
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33
Synthesis of Serotonin

The essential amino acid L-tryptophan is the precursor for the synthesis of
5-HT. The rate-limiting step in the synthesis of 5-HT is the hydroxylation step
from L-tryptophan into 5-hydroxytryptophan by the enzyme TPH [existing
in two isoforms, of which TPH2 is the form acting in the brain (Walther
et al. 2003)]. The effects of stress on TPH activity have been reviewed before
(Boadle-Biber 1993). Loud sound stress (a fear-inducing procedure) causes
an increase in TPH activity in the cortex and midbrain of rats (Boadle-Biber
et al. 1989). The effects of sound stress on TPH activity in the raphé nuclei,
but also of forced swimming and tail shock, seem to be confined to the MRN
(Dilts and Boadle-Biber 1995; Daugherty et al. 2001; Corley et al. 2002). Data on
the effects of CRH on TPH activity are scarce. Administration (i.c.v.) of CRH
mimics the effect of sound stress, i.e. activation of TPH activity in the cortex
and midbrain (Singh et al. 1992). However, CRH seems to be without effect on
enzyme activity in the mediobasal hypothalamus (Van Loon et al. 1982).

3.4
Extracellular Levels of Serotonin and 5-Hydroxyindoleacetic Acid

In a recent in vivo microdialysis study we have assessed the effects of CRH
and urocortin 1 on the extracellular levels of 5-HT and its metabolite 5-
hydroxyindoleacetic acid (5-HIAA) in the hippocampus of conscious, freely
moving, male Wistar rats. We focused on the hippocampus based on its in-
tricate involvement in the regulation of neuroendocrine and behavioural re-
sponses to stress. Moreover, the hippocampus is thought to play a critical role
in the pathophysiology of anxiety (and affective) disorders. Intracerebroven-
tricular injections of low and high doses of CRH and urocortin 1 (dose range
0.03-10 pg) increase extracellular levels of both 5-HT and 5-HIAA in the hip-
pocampus (Linthorst et al. 2002). These results have recently been confirmed
in Sprague-Dawley rats (1.0 pg CRH) by another research group (Kagamiishi
et al. 2003). The CRH2-selective neuropeptides urocortin 2 and urocortin 3
also enhance hippocampal extracellular levels of 5-HT and its metabolite after
central administration, but these responses were much shorter in duration
compared to the responses induced by CRH and urocortin 1 (De Groote et al.
2005). In agreement with these findings are the observations that i.c.v. injection
of p-Phe-CRH};_4; (a non-specific CRH receptor antagonist) and the CRH1 an-
tagonist CP-154,526 (moderately) decrease extracellular levels of 5-HT in the
rathippocampus (Isogawa et al. 2000; Linthorst et al. 2002). As will be discussed
in more detail in Sect. 5 of this chapter, basal hippocampal extracellular levels
of 5-HT and 5-HIAA are not affected by chronic central administration of CRH.

The research group of Irwin Lucki has extensively investigated the effects
of i.c.v. administration of CRH on serotoninergic neurotransmission in the
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striatum and lateral septum. Interestingly, in contrast to our findings in the
hippocampus, CRH has biphasic effects in these brain structures. Low doses
of CRH (0.1 and 0.3 pg) were found to decrease extracellular levels of 5-HT.
Higher doses of CRH (1.0 and 3.0 pg) have, however, no effect or increase 5-HT
levels in the striatum and lateral septum (Price et al. 1998; Price and Lucki
2001). The biphasic effects on levels of 5-HT in these brain regions may be
related to the dose-dependent effects of CRH on the firing rate of DRN 5-HT
neurones as described above. Interestingly, local injection of CRH in the DRN
results in a decrease in extracellular 5-HT in the striatum and septum (Price
and Lucki 2001).

The effects of central administration of CRH on 5-HT and 5-HIAA levels
have hardly been studied in other brain regions. An increase in the extracellular
concentrations of 5-HIAA has been observed in the medial prefrontal cortex
[although CP-154,526 was without effect in this brain structure (Isogawa et al.
2000)] and in the medial hypothalamus after i.c.v. injection of CRH (Lavicky
and Dunn 1993). Of utmost relevance would be to clarify the effects of CRH and
CRH-like neuropeptides on serotoninergic neurotransmission in the (different
subnuclei of the) amygdala and the periaqueductal grey, two brain areas of
central importance in the regulation of fear and anxiety.

4
Interactions Between CRH and Serotonin Under Anxiogenic
and Psychologically Stressful Conditions: What Can We Learn
from In Vivo Microdialysis Studies?

Ample studies applying various 5-HT receptor agonists and antagonists have
shown that 5-HT exerts anxiogenic and anxiolytic effects depending on the
brain structure(s) and specific 5-HT receptor(s) involved as well as on the route
of administration (for an excellent, comprehensive review see Millan 2003).
Whereas from a clinical point of view, it may be sufficient to know whether
a (new) compound shows anxiolytic properties after oral administration, it
is known that the anxiolytic properties of SSRIs and of the 5-HT;, antago-
nist buspirone show a delayed onset and are only clinically efficacious after
prolonged treatment. The development of new and more rapid-onset treat-
ments may, therefore, benefit highly from a more in-depth characterisation of
serotoninergic neurotransmission, i.e. release, metabolism and synthesis, in
different brain structures during different forms of anxiety (including panic)
and psychological stress. As described above, peptides of the CRH family (and
their two known receptor types) have a clear neuroanatomical localisation
within the 5-HT system and influence serotoninergic neurotransmission af-
ter central administration in a dose- and region-dependent way. Based on
the anxiogenic properties of CRH and urocortin 1, but also on the putative
(time-dependent) role of CRH2 in anxiolysis, the question arises whether in-
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teractions between CRH and 5-HT also play a crucial role during fear and
anxiety. Although studies on the role of CRH in anxiety- and stress-related
responses of the 5-HT system have started to emerge recently, a complete and
satisfactory answer cannot be given yet. In this section I will review the changes
in serotoninergic neurotransmission during anxiety tests and psychologically
stressful challenges. I will focus on the effects of these manipulations on ex-
tracellular levels of 5-HT and 5-HIAA in different brain structures as assessed
by in vivo microdialysis. As far as information is available, the role of CRH in
anxiety- and stress-induced 5-HT changes will also be discussed.

4.1
Anxiety Tests Involving Unconditioned Responses

Many tests employed to assess putative anxiolytic characteristics of new drug
compounds or anxiety profiles of mutant animals make use of innate fear and/or
the perceiving of conflict in rodents. Although, on the one hand, rats and mice
want to explore their environment, they are on the other hand afraid of open
spaces [open field paradigm, elevated plus (or X) maze], of heights (elevated
plus maze) and of brightly lit areas (light-dark box). Clearly, these animals will
experience fear when encountering a possible predator [predator exposure,
fear/defence test battery (rat), anxiety/defence test battery (rat) and mouse
defence test battery (see for comprehensive review Blanchard et al. 2003)].

Microdialysis studies on serotoninergic neurotransmission during most
unconditioned anxiety tests are scarce or absent. However, a picture starts to
emerge from studies performing microdialysis during the elevated plus maze
test and during exposure to a predator. The group of Charles Marsden was the
first to show that exposure of Lister hooded rats to an elevated X-maze design
causes an increase in hippocampal 5-HT levels, without effects on the levels of
5-HIAA (Wright et al. 1992). Exposure of Sprague-Dawley rats to an elevated
plus maze also results in increased extracellular levels of 5-HT (but not of
noradrenaline) in the hippocampus, an effect that is significantly augmented
in a transgenic rat line with indices of increased anxiety in this test (Voigt et al.
1999). A recent study demonstrated that both the stimulating effect of CRH
on hippocampal 5-HT levels and the anxiogenic effects of this neuropeptide
in the plus-maze paradigm can be blocked by the 5-HT;5 receptor agonist
8-OH-DPAT (Kagamiishi et al. 2003). Based on these observations, the authors
argue that CRH-induced increases in hippocampal 5-HT may mediate anxious
behaviour in the plus maze test. Unfortunately, these experiments were per-
formed on separate groups of animals, making firm conclusions at this stage
impossible. The elevated plus maze has also been found to induce increases
in extracellular levels of 5-HT in the frontal cortex of guinea-pigs (Rex et al.
1993) and rats (Kanno et al. 2003).

Exposure to a predator represents a test paradigm for anxiety (and panic,
depending on the exact experimental design) that is receiving increased atten-
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tion (Blanchard et al. 2003). Data from in vivo microdialysis studies performed
during exposure to a predator (Rueter and Jacobs 1996; Linthorst et al. 2000;
M. Beekman et al. 2005) clearly show increased serotoninergic neurotransmis-
sion in higher limbic brain structures such as the frontal cortex, hippocampus
and amygdala in rats (exposed to a cat) and in mice (exposed to a rat). Stud-
ies assessing the turnover of 5-HT (post-mortem ratio between the tissue
levels of 5-HIAA and 5-HT) also indicate increases in serotoninergic neuro-
transmission in the hippocampus and frontal cortex of mice after predator
stress (Hayley et al. 2001; Belzung et al. 2001). There are conflicting results
regarding the effects of predator stress on 5-HT in the striatum. Exposure of
rats to a cat during the dark phase of the light-dark cycle has been found
to moderately increase extracellular levels of 5-HT in the striatum (Rueter
and Jacobs 1996), whereas the exposure of C57Bl6/N mice to a rat (during
the light phase) has no effect on the levels of 5-HT and 5-HIAA in this brain
structure (M. Beekman et al. 2005). Recently, we observed that mutant mice
with an impaired glucocorticoid receptor functioning show an enhanced re-
sponse in hippocampal levels of 5-HT during exposure to a rat (Linthorst et al.
2000). This is especially interesting given the alterations in behavioural coping
strategies (more investigation along the separation wall) and the absence of an
activation of the HPA axis in these mice. At present it still has to be resolved
whether the changes in behavioural and neurochemical responses to predator
stress are related to the impairment of the glucocorticoid receptor or to the
changes in the CRH system also observed in this mutant mouse line (Dijkstra
et al. 1998).

4.2
Anxiety Tests Involving Conditioned Responses

Anxiety tests involving conditioned (trained) responses are used extensively
not only to screen for drugs with anxiolytic properties but also to elucidate
the neurobiological mechanisms underlying fear and anxiety. Although the
microdialysis technique may be of relevance especially for the latter purpose,
until now it has not been widely applied in this field of research. Wilkinson
et al. (1996) found that conditioned fear stress causes a rise in the extracel-
lular levels of 5-HT in the hippocampus of rats, which seems to be related to
the contextual aversive cues (and not to the conditioned discrete stimulus).
Increased levels of 5-HT (Yoshioka et al. 1995; Hashimoto et al. 1999) and
an increased turnover of this neurotransmitter (Inoue et al. 1994) were also
observed in the rat prefrontal cortex during fear conditioning. Moreover, dur-
ing the Vogel conflict test (punishment of drinking behaviour by an electric
shock) elevated levels of 5-HT were observed in the (dorsal) hippocampus
of rats (Matsuo et al. 1996); interestingly, the benzodiazepine midazolam was
found to block both the conflict behaviour and the rise in hippocampal 5-HT
in this anxiety test.
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To increase the successful use of microdialysis in paradigms with extensive
training, adaptations in surgical procedures and experimental equipment may
be indispensable (e.g. sterile surgery, swivel systems with low torque, specially
designed home cages and test chambers). Moreover, to fully appreciate the
changes in neurotransmission during all phases of training and testing, em-
phasis should be put on the development of highly sensitive (HPLC) methods
to measure neurotransmitter levels in dialysates sampled both in (very) short
intervals (i.e. <3 min) and over extensive periods of time. Beyond doubt, more
sophisticated microdialysis and analysis paradigms will be of enormous value
to further our understanding of the neurobiology of fear and anxiety.

4.3
Psychologically Stressful Challenges

In the following two sections I will discuss the effects of two psychologi-
cally stressful challenges on serotoninergic neurotransmission. Although these
challenges are not used as tests for anxiety per se (and are even often used
in research on symptoms of depression), they certainly involve aspects of fear
and anxiety and will activate brain circuits involved in these responses. Impor-
tantly, attempts have been made by various research groups to elucidate the
role of the CRH system in the changes in serotoninergic neurotransmission
induced by psychological stress.

4.3.1
Forced Swimming

The forced swim test, as developed by Porsolt, is often used to screen new com-
pounds for putative antidepressant characteristics. However, forced swimming
has also been found to be a very useful paradigm in assessing the effects of
stress on various aspects of brain functioning (neurotransmission, c-fos and
P-CREB expression, HPA axis regulation; see Bilang-Bleuel et al. 2002) in rats
and (mutant) mice. Forced swimming is a stressor with physical (activity,
body temperature changes) and psychological (cognition, coping strategies)
components. Because it represents a putative life-threatening situation for the
animal it will also induce fear. Hence, forced swim stress will lead to a co-
ordinated response of lower brain structures involved in the regulation of
homeostasis and higher limbic brain structures organising the cognitive and
emotional responses to this form of stress. Indeed c-fos expression studies
showed a widespread activation of the brain after forced swim stress (Cullinan
et al. 1995). The complex nature of forced swim stress is underscored by its
multifarious effects on serotoninergic neurotransmission.

To assess the effects of forced swim stress on hippocampal serotoninergic
neurotransmission and the role of CRH herein we performed a microdialysis
study in rats. Rats were connected to a swivel system via a plastic collar around
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their neck to allow for free movement during forced swimming (and in the
home cage). During a 15-min period of forced swimming in water of 25 °C,
hippocampal levels of 5-HT rose to about 900% of baseline (Linthorst et al.
2002). Careful inspection of the data identified two groups of animals, i.e. high
and low responders. Comparison of the rises in 5-HT and the behaviour of
the animals during the swim session revealed that the exaggerated increase
in hippocampal 5-HT was only found in rats that dive during the test (with
a maximum of 1,500% of baseline on average; Fig. 1). Most interestingly,
this dramatic rise in hippocampal 5-HT levels in diving animals could be
prevented by i.c.v. pre-treatment of animals with the CRH receptor antagonist
D-Phe-CRHj;-4; (Linthorst et al. 2002). These observations may be of high
relevance for anxiety disorders. We hypothesised that the exaggerated 5-HT
response in diving animals is related to a different appraisal of the situation
because of the collar around their neck, possibly causing a panic-like response.
This hypothesis is supported by the finding that such dramatic responses in
hippocampal 5-HT are not observed in diving rats connected to the swivel
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Fig. 1 Effects of forced swimming (15 min, water temperature 25°C) on hippocampal
extracellular levels of 5-HT (expressed as percentage of baseline) in male Wistar rats as
assessed by in vivo microdialysis. Extracellular levels of 5-HT showed a dramatic increase
in rats that dived during the forced swimming procedure. This effect could be prevented by
i.c.v. pretreatment of the rats with the CRH receptor antagonist b-Phe-CRH2_41 (5 pg). #
p<0.05 as compared to non-diving saline-pretreated rats; §, p<0.05 as compared to diving D-
Phe-CRH);_4; -treated rats (Scheffé post-hoc comparisons). For experimental details, please
see text and original paper. (From Linthorst et al. 2002, with permission of European Journal
of Neuroscience)
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system via a peg on their head (A.C.E. Linthorst, unpublished observations).
Moreover, forced swimming in mice, which never dive during the test, induces
rises in hippocampal 5-HT levels of maximally 140%-240% of baseline (Pefialva
et al. 2002; Fujino et al. 2002; Oshima et al. 2003). Further supporting our
postulate, the panic-inducing substance m-chloro-phenylpiperazine (mCPP)
has been found to increase extracellular levels of 5-HT in the hippocampus up
to 1,400% of baseline (Eriksson et al. 1999).

A comprehensive series of microdialysis studies by Lucki and colleagues
in rats shows that forced swimming in water of 21-22 °C for 30 min results in
brain region-specific changes in 5-HT levels. Whereas swim stress has no effect
on 5-HT levels in the hippocampus and frontal cortex, a rise and a decrease of
the levels of this neurotransmitter is found in the striatum and lateral septum
(and amygdala), respectively (Kirby et al. 1995, 1997). In contrast, a decrease in
the levels of 5-HIAA was observed in all brain regions studied. These authors
showed that the swim stress-induced decrease in 5-HT in the lateral septum
could be blocked by p-Phe-CRHj;_4;, pointing to a prominent role of the CRH
family in the swim stress-induced 5-HT changes also in this brain structure
(Price et al. 2002). This is an important finding given the role of the lateral
septum and septal CRH receptors in fear and anxiety. Of interest in this respect
is our recent observation that exposure to a predator results in an immediate
rise in extracellular levels of 5-HT in the lateral septum as assessed by in vivo
microdialysis in mice (M. Beekman et al. 2005).

As mentioned above, forced swimming does not solely involve cognitive
and coping processes but will also affect homeostasis. Often neglected in the
interpretation of the results of forced swim stress is the decrease in body tem-
perature during the procedure. This decrease in body temperature depends
on the temperature of the water and the duration of the test session. Using
a biotelemetry method, we found that the body temperature of rats drops to
about 29 °C at the end of a 15-min swim session in water of 25 °C. Swimming
at 35°C has little effect on body temperature during a 15-min swim session
(drop of 1-2 °C), but swimming at 19 °C results in body temperatures of about
24°C. In a follow-up study, we were able to demonstrate that the hippocampal
5-HT and 5-HIAA responses to swim stress are dependent on the water tem-
perature used (Linthorst et al. 2001). This may also offer an explanation for
the observations that forced swimming for 30 min in water of 21-22 °C results
in a decrease in hippocampal levels of 5-HIAA without affecting 5-HT levels
(Kirby et al. 1995, 1997), whereas a similar procedure in water of 30-35°C
increases extracellular levels of both 5-HT and 5-HIAA in different forebrain
regions, among them the hippocampus (Rueter and Jacobs 1996).

Taken together, the data reviewed here show that forced swim stress induces
a highly differentiated (putatively CRH-dependent) response in serotoniner-
gic neurotransmission in higher brain structures, with the final outcome of
the manipulation depending on the exact experimental design. Moreover, the
dramatic CRH receptor-dependent increase in hippocampal 5-HT as observed



Interactions Between Corticotropin-Releasing Hormone and Serotonin 195

in our study may represent a new phenomenon in the interactions between
CRH and 5-HT and be of high relevance for elucidating the pathophysiology
of panic disorder.

4.3.2
Electric Shock

Electric foot or tail shock is often used as a combined intense physical/psycho-
logical stressor and as part of models to study the neurobiology of anxiety and
depression, such as fear conditioning (see above) and learned helplessness.
There are only few data available on the effects of electric shock on serotonin-
ergic neurotransmission in rodents. From the literature (Amat et al. 1998a,
1998b; Dunn 1988; Inoue et al. 1993, 1994; Hajos-Korcsok et al. 2003), the pic-
ture emerges that electric shock stimulates serotoninergic neurotransmission
in the forebrain (hippocampus, amygdala, prefrontal cortex and hypothala-
mus) of rats and mice. Interestingly, the possibility to cope with this stressor
seems to influence the outcome of the 5-HT response, albeit in a brain structure-
dependent manner. Hence, it has been demonstrated that inescapable, but not
escapable, foot and tail shocks cause a rise in extracellular levels of 5-HT in
the rat ventral hippocampus (Amat et al. 1998a), the amygdala (Amat et al.
1998b), the frontal cortex (Heinsbroek et al. 1991; Petty et al. 1994) and DRN
(Maswood et al. 1998). In contrast, only escapable shocks result in an increase
in dialysate levels of 5-HT in the periaqueductal grey (Amat et al. 1998a). (It
should be noted, however, that Amat and colleagues compared the effects of
escapable and inescapable tail shock on 5-HT levels against those found in
restraint-stressed animals and not unstressed controls.) The different effects
of escapable and inescapable shock are of special interest given the differ-
ential involvement of the periaqueductal grey and the hippocampus/frontal
cortex in the coordination of the behavioural aspects of fear. Steven Maier
and colleagues performed a series of elegant studies to elucidate the role of
CRH-5-HT interactions in the effects of inescapable tail shocks on behaviour
(the behavioural consequences of inescapable shock are termed behavioural
depression or learned helplessness). They showed, using intra-raphé adminis-
tration of CRH1- and CRH2-specific ligands and antagonists, that CRH2 in the
(caudal) DRN is the key mediator of the behavioural responses to inescapable
stress (Hammack et al. 2002, 2003).

In summary, the available data show that electric shock induces an activation
of serotoninergic neurotransmission in various brain structures, particularly
when the shock is uncontrollable. Interactions between CRH and 5-HT may
play an important role in the behavioural consequences of inescapable shocks
via the activation of CRH2 in the DRN. The exact interactions between CRH1
and CRH2 and the detailed neuroanatomical localisation of these interactions
within the raphé nuclei, however, need further investigation.



196 A.C.E. Linthorst

5
Consequences of Long-Term Changes in the CRH System
for Hippocampal Serotoninergic Neurotransmission

Until now I have focussed on the consequences of acute manipulations of the
CRH system for serotoninergic neurotransmission. We have collected, how-
ever, during the past several years, data showing that long-term changes in
the CRH system evolve in changes/adaptations in serotoninergic neurotrans-
mission. In the first study, rats were infused i.c.v. with CRH via a miniosmotic
pump (Linthorst et al. 1997). Long-term elevation of central levels of CRH has
no effects on basal levels of hippocampal 5-HT and 5-HIAA. However, the
response of hippocampal 5-HT to a stressful challenge (intraperitoneal ad-
ministration of bacterial endotoxin) is significantly diminished in long-term
CRH-treated animals, which may involve desensitisation of CRH receptors
(Linthorst et al. 1997). Serotoninergic neurotransmission seems also to be af-
fected in CRH-overexpressing mice. In female CRH transgenic mice, a reduced
stimulation of the HPA axis but a normal hypothermia response was found
after subcutaneous administration of the 5-HT| 5 receptor agonist 8-OH-DPAT
(Van Gaalen et al. 2002). Hence, with presynaptic 5-HT 5 receptor functioning
intact, postsynaptic 5-HT  receptors seem to be desensitised as a consequence
of life-long elevated CRH levels.

Recently we performed in vivo microdialysis experiments in mice with a life-
long deficiency of CRHI (Penalva et al. 2002). Homozygous CRH1-deficient
mice (Timpl et al. 1998) show elevated levels of 5-HIAA, but not of 5-HT, over
the diurnal rhythm. Importantly, forced swim stress (10 min, 25 °C) induces an
augmented hippocampal 5-HT response in CRH1-deficient mice (homo- and
heterozygous) as compared to wild-type littermates (Pefialva et al. 2002). Given
the putative anxiogenic properties of 5-HT at the level of the hippocampus, the
enhanced response of hippocampal 5-HT in less anxious (Timpl et al. 1998;
Smith et al. 1998) CRH1-deficient mice may at first sight seem contradictory.
However, at present it cannot be excluded that, given the life-long deficiency
in CRH1 in this mutant mouse model, compensatory mechanisms may have
developed. This possibility is underscored by our observations in C57Bl6/N
mice that were orally treated with the CRH1 antagonist NBI 30775 [this com-
pound had anxiolytic properties in an open study in 20 depressed patients
(Zobel et al. 2000)] for 15-16 days. Basal levels of 5-HT and 5-HIAA are nor-
mal over the complete diurnal rhythm in NBI 30775-treated mice. However,
NBI 30775-treated mice show a significantly diminished rise in hippocampal
extracellular 5-HT to forced swim stress (Oshima et al. 2003), possibly con-
tributing to the anxiolytic properties of the compound (Fig. 2A). Interestingly,
the forced swimming-induced increase in hippocampal extracellular levels of
5-HIAA is prolonged in these animals (Fig. 2B).

Taken together the above-described studies clearly indicate that chronic
changes within the CRH system evolve in altered serotoninergic neurotrans-
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Fig.2A, B Effects of long-term treatment (16 days, orally, about 19 mg/kg body weight per day)
with the CRH1 antagonist NBI 30775 on forced swim stress-induced changes in extracellular
levels of 5-HT (percentage of baseline; A) and 5-HIAA (percentage of baseline; B) in the
hippocampus of C57BI6/N mice as assessed by in vivo microdialysis. Mice were forced to
swim for 10 min in water of 25°C. Chronic treatment with NBI 30775 (closed triangles)
resulted in a diminished and prolonged response of hippocampal 5-HT and 5-HIAA to
forced swim stress, respectively, as compared to control-treated mice (open triangles).
The arrow indicates the start of the 10-min forced swim period (11:00-11:10 A.m.). Other
symbols: ¥, significant difference between control- and NBI 30775-treated mice; §, p=0.04
for the difference between the two treatment groups; +, significantly different from baseline
for control mice; #, significantly different from baseline for NBI 30775-treated animals
(post-hoc tests with contrasts and Bonferroni correction; for results of ANOVA analyses see
original paper). (From Oshima et al. 2003, with permission of Neuropsychopharmacology)
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mission under basal and/or stressful conditions. However, at this moment it is
still difficult to draw, based on the data available, a complete picture of (1) how
long-term changes in CRH affect the 5-HT system and (2) the putative con-
sequences for anxiety/anxiolysis. Future studies should not only implement
different brain structures and anxiety tests but should also look in detail at
the differential contributions of CRH1 and CRHZ2. It is easily conceivable that
differences in the balance between these two receptors may determine the out-
come of manipulations of CRH function for serotoninergic neurotransmission
in forebrain regions.

6
Conclusion

As may be taken from the studies summarised in this chapter, aberrant interac-
tions between the CRH system and serotoninergic neurotransmission may play
an important role in the aetiology of (stress-related) anxiety disorders. How-
ever, the picture is far from complete at the moment. Further studies on the con-
sequences of aberrations in the CRH system and on the balance between CRH1
and CRH2 effects will increase our understanding of the neurobiology of anxi-
ety and may boost the development of new therapeutical strategies. In vivo mi-
crodialysis in rats and (mutant) mice will be an important tool to pursue these
goals. By applying rapid sampling techniques over extended periods, such stud-
ies should aim at obtaining a more detailed picture of changes in neurotrans-
mitters (or the interactions between neurotransmitters) during anxiety (tests)
and of the mechanisms underlying anxiolysis and stress-coping strategies.
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Abstract The past decade has seen a rapid progression in our knowledge of the neurobiolog-
ical basis of fear and anxiety. Specific neurochemical and neuropeptide systems have been
demonstrated to play important roles in the behaviors associated with fear and anxiety-
producing stimuli. Long-term dysregulation of these systems appears to contribute to the
development of anxiety disorders, including panic disorder, posttraumatic stress disorder
(PTSD), and social anxiety disorder. These neurochemical and neuropeptide systems have
been shown to have effects on distinct cortical and subcortical brain areas that are relevant
to the mediation of the symptoms associated with anxiety disorders. Moreover, advances in
molecular genetics portend the identification of the genes that underlie the neurobiologi-
cal disturbances that increase the vulnerability to anxiety disorders. This chapter reviews
clinical research pertinent to the neurobiological basis of anxiety disorders. The implica-
tions of this synthesis for the discovery of anxiety disorder vulnerability genes and novel
psychopharmacological approaches will also be discussed.
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1
Neural Mechanisms of Anxiety and Fear

Classical fear conditioning is a form of associative learning in which subjects
come to express fear responses to neutral conditioned stimuli (CS) that are
paired with an aversive unconditioned stimulus (US). The CS, as a conse-
quence of this pairing, acquire the ability to elicit a spectrum of behavioral,
autonomic, and endocrine responses that normally would only occur in the
context of danger (Blair et al. 2001). Fear conditioning can be adaptive and
enable efficient behavior in dangerous situations. The individual who can ac-
curately predict threat can engage in the appropriate behaviors in the face of
danger. In the clinical situation, specific environmental features (CS) may be
linked to a traumatic event, spontaneous panic attack, or embarrassing social
situation (US), such that re-exposure to a similar environment produces a re-
currence of symptoms of anxiety and fear. Patients often generalize these cues
and experience a continuous perception of threat to the point that they become
conditioned to context (Table 1 outlines the five neural mechanisms of anxiety
and fear).

Cue-specific CS are transmitted to the thalamus by external and visceral
pathways. Afferents then reach the lateral amygdala (LA) via two parallel cir-
cuits: a rapid subcortical path directly from the dorsal (sensory) thalamus and
a slower regulatory cortical pathway encompassing primary somatosensory
cortices, the insula, and the anterior cingulate/prefrontal cortex. Contextual
CS are projected to the LA from the hippocampus and perhaps the bed nucleus
of the stria terminalis. The long loop pathway indicates that sensory informa-
tion relayed to the amygdala undergoes substantial higher level processing,
thereby enabling assignment of significance, based upon prior experience, to
complex stimuli. Cortical involvement in fear conditioning is clinically rele-
vant because it provides a mechanism by which cognitive factors will influ-
ence whether symptoms are experienced or not, following stress exposure
(LeDoux 2000).

During the expression of fear-related behaviors, the LA engages the central
nucleus of the amygdala (CEA), which, as the principal output nucleus, projects
to areas of the hypothalamus and brain stem that mediate the autonomic, en-
docrine, and behavioral responses associated with fear and anxiety (Schafe
et al. 2001). The molecular and cellular mechanisms that underlie synaptic
plasticity in amygdala-dependent learned fear is an area of very active in-
vestigation (Shumyatsky et al. 2002). Long-term potentiation (LTP) in the LA
appears to be a critical mechanism for storing memories of the CS-US associa-
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tion (Blair et al. 2001). A variety of behavioral and electrophysiological data has
led LeDoux and colleagues to propose a model to explain how neural responses
to the CS and US in the LA could influence LTP-like changes that store memo-
ries during fear conditioning. This model proposes that calcium entry through
N-methyl-p-aspartate (NMDA) receptors and voltage gated calcium channels
(VGCCs) initiates the molecular processes to consolidate synaptic changes into
long-term memory (Blair et al. 2001). Short-term memory requires calcium
entry only through NMDA receptors and not VGCCs.

This hypothesis leads to several predictions that may have relevance to the
discovery of novel therapeutics for anxiety disorders. It suggests that block-
ing NMDA receptors in the amygdala during learning should impair short-
and long-term fear memory. This has been demonstrated in rodents (Walker
etal. 2000; Rodrigues et al. 2001). Valid human models of fear conditioning and
the availability of the NMDA receptor antagonist memantine should permit
this hypothesis to be tested clinically (Grillon 2002). If memantine impairs
the acquisition of fear in humans, it may have utility in the prevention and
treatment of anxiety disorders such as posttraumatic stress disorder (PTSD),
and panic disorder. Blockade of VGCCs appears to block long-term but not
short-term memory (Bauer et al. 2002). Therefore, clinically available calcium
channel blockers such as verapamil and nimodipine may be helpful for in
diminishing the intensity and impact of recently acquired fear memory and
perhaps in preventing PTSD as well.

The discussion above has focused primarily upon the neural mechanisms
related to the coincident learning of the US-CS association (i.e., Pavlovian fear
conditioning) in the LA. However, there is significant evidence that a broader
neural circuitry underlies fear memory that is modulated by amygdala activity.
The inhibitory avoidance paradigm is used to examine memory consolidation
for aversively motivated tasks and involves intentional instrumental choice
behavior. Studies using inhibitory avoidance learning procedures have been
used to support the view that the amygdala is not the sole site for fear learning;
this view posits that the amygdala can modulate the strength of memory storage
in other brain structures (McGaugh 2002).

Specific drugs and neurotransmitters infused into the basolateral amyg-
dala (BLA) influence consolidation of memory for inhibitory avoidance train-
ing. Post-training peripheral or intra-amygdala infusions of drugs affecting
y-aminobutyric acid (GABA), opioid, glucocorticoid, and muscarinic acetyl-
choline receptors have dose- and time-dependent effects on memory consol-
idation (McGaugh 2002). Norepinephrine (NE) infused directly into the BLA
after inhibitory avoidance training enhances memory consolidation, indicating
that the degree of activation of the noradrenergic system within the amygdala
by an aversive experience may predict the extent of the long-term memory for
the experience (McIntyre et al. 2002).

Interactions among corticotropin-releasing hormone (CRH), cortisol, and
NE have very important effects on memory consolidation, which is likely to
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be relevant to the effects of traumatic stress on memory. Extensive evidence
indicates that glucocorticoids influence long-term memory consolidation via
stimulation of glucocorticoid receptors (GR). The glucocorticoid effects on
memory consolidation require activation of the BLA, and lesions of the BLA
block retention enhancement of intrahippocampal infusions of a GR agonist.
Additionally, the BLA is a critical locus of interaction between glucocorticoids
and NE in modulating memory consolidation (McGaugh et al. 2002).

There is extensive evidence consistent with a role for CRH in mediating
stress effects on memory consolidation. Activation of CRH receptorsin the BLA
by CRH released from the CEA facilitates stress effects on memory consolida-
tion. Memory enhancement produced by CRH infusions in the hippocampus
are blocked by propranolol, suggesting CRH, through a presynaptic mecha-
nism, stimulates NE release in the hippocampus (Roozendaal et al. 2002).

These results support the concept that CRH via an interaction with gluco-
corticoids interacts with the noradrenergic system to consolidate traumatic
memories. Individuals with excessive stress-induced release of CRH, corti-
sol, and NE are likely to be prone to the development of indelible traumatic
memories and associated re-experiencing symptoms. Administration of CRH
antagonists, glucocorticoid receptor antagonists, and p-adrenergic receptor
antagonists may prevent these effects in vulnerable subjects.

2
Reconsolidation

Reconsolidation is a process in which old, reactivated memories undergo an-
other round of consolidation (Debiec et al. 2002; Milekic et al. 2002; Myers
et al. 2002). The process of reconsolidation is extremely relevant to both vul-
nerability and resiliency to the effects of extreme stress. It is the rule rather
than the exception that memories are reactivated by cues associated with
the original trauma. Repeated reactivation of these memories may serve to
strengthen the memories and facilitate long-term consolidation (Przbyslawski
et al. 1999; Sara 2000). Each time a traumatic memory is retrieved, it is inte-
grated into an ongoing perceptual and emotional experience and becomes
part of a new memory. Moreover, recent preclinical studies indicate that
consolidated memories for auditory fear conditioning, which are stored in
the amygdala (Nader et al. 2000a), hippocampal-dependent contextual fear
memory (Debiec et al. 2002), and hippocampal-dependent memory associ-
ated with inhibitory avoidance (Milekic et al. 2002) are sensitive to disrup-
tion upon reactivation by administration with a protein synthesis inhibitor
directly into the amygdala and hippocampus, respectively. The reconsoli-
dation process, which has enormous clinical implications, results in reac-
tivated memory trace that returns to a state of lability and must undergo
consolidation once more if it is to remain in long-term storage. Some con-
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troversies persist regarding the temporal persistence of systems reconsolida-
tion. Debiec and colleagues found that intrahippocampal infusions of ani-
somycin caused amnesia for a consolidated hippocampal-dependent mem-
ory if the memory was reactivated even up to 45 days after training (De-
biec et al. 2002). Milekic and Alberini (2002), however, found that the ability
of intrahippocampal infusion of anisomycin to produce amnesia for an in-
hibitory avoidance task was evident only when the memory was recent (up
to 7 days). Further work is needed to resolve this very important question
(Myers et al. 2002).

The reconsolidation process involves NMDA receptors, B-adrenergic re-
ceptors, and requires cyclic AMP response element binding protein (CREB)
induction. The CREB requirement suggests that nuclear protein synthesis is
necessary (Kida et al. 2002). NMDA receptor antagonists and -receptor an-
tagonists impair reconsolidation (Przbyslawski et al. 1997, 1999). The effect of
the B-receptor antagonist propranolol was greater after memory reactivation
than when administered immediately after initial training. These results sug-
gest that reactivation of memory initiates a cascade of intracellular events that
involve both NMDA receptor and B-receptor activation in a fashion similar to
post-acquisition consolidation.

This remarkable lability of a memory trace, which permits a reorganiza-
tion of an existing memory in a retrieval environment, provides a theoretical
basis for both psychotherapeutic and pharmacotherapeutic intervention for
traumatic stress exposure as well as other anxiety disorders. Administration
of B-receptor and NMDA receptor antagonists shortly after trauma exposure
or spontaneous panic attacks as well as after reactivation of memory associ-
ated with the anxiety-inducing event may reduce the strength of the original
memory.

3
Extinction

When the CS is presented repeatedly in the absence of the US, a reduction in
the condition fear response occurs. This process is called extinction. It forms
the basis for exposure-based psychotherapies for the treatment of anxiety
disorders characterized by exaggerated fear responses. Individuals who show
an ability to quickly attenuate learned fear through a powerful and efficient
extinction processes are likely to function more effectively under dangerous
conditions.

Extinction is characterized by many of the same neural mechanisms as
in fear acquisition. Activation of amygdala NMDA receptors by glutamate
is essential (Myers and Davis 2004) and L-type VGCCs also contribute to
extinction plasticity (Cain et al. 2002). Long-term extinction memory is altered
by a number of different neurotransmitters systems including GABA, NE, and
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dopamine (DA) in a manner similar to fear acquisition (McGaugh et al. 1990;
Willick et al. 1995).

Destruction of the medial prefrontal cortex (mPFC) blocks recall of fear
extinction (Quirk et al. 2000; Morgan et al. 1993), indicating that the mPFC
might store long-term extinction memory. Infralimbic neurons, which are part
of the mPFC, fire only when rats are recalling extinction—greater firing corre-
lates with reduced fear behaviors (Milad et al. 2002). It has been suggested that
the consolidation of extinction involves potentiation of inputs into the mPFC
by means of NMDA-dependent plasticity. The BLA sends direct excitatory in-
puts to the mPFC, and NMDA antagonists infused into BLA blocks extinction.
The ability of the mPFC to modulate fear behaviors is probably related to
projections from the mPFC via GABA interneurons to the BLA (Royer et al.
2000).

Failure to achieve an adequate level of activation of the mPFC after extinction
might lead to persistent fear responses (Herry et al. 2002). Individuals with the
capacity to function well following states of high fear may have potent mPFC
inhibition of amygdala responsiveness. In contrast, patients with PTSD exhibit
depressed ventral mPFC activity which correlated with increased autonomic
arousal after exposure to traumatic reminders (Bremner et al. 1999). Consistent
with this hypothesis, we recently showed that PTSD patients had increased left
amygdala activation during fear acquisition and decreased mPFC/anterior cin-
gulate activity during extinction (Bremner et al. 2003). It has been proposed
that potentiating NMDA receptors using the glycine agonist, D-cycloserine,
may facilitate the extinction process when given in combination with behav-
ioral therapy in patients with anxiety disorders (Davis 2002).

These preclinical investigations suggest that clinical research paradigms
capable of evaluating the mechanisms of fear conditioning in clinical popu-
lations would be of great value. Psychophysiological studies in PTSD patients
have been reviewed recently and have consistently demonstrated increased
electrophysiological and autonomic responses to trauma related stimuli (Orr
et al. 2002). The startle reflex has been used to study fear conditioning in hu-
mans. Startle is a useful method for examining fear responding in experimental
studies involving both animals and humans that is mediated by the amygdala
and connected structures. There is evidence of elevation of baseline startle in
almost all anxiety disorders (Grillon 2002), suggestive of increased contextual
fear. This is consistent with hyperexcitability of neural structures underlying
contextual fear such as the BNST. Vulnerability to anxiety disorders may re-
late to startle responses. Girls at high risk for developing anxiety disorders
are overly sensitive to contextual threat, but exhibit normal fear-potentiated
startle. High-risk boys, on the other hand, exhibit elevated potentiated star-
tle and normal contextual responses. Cue fear learning is an adaptive pro-
cess by which undifferentiated fear becomes cue specific. Deficits in cue fear
learning may lead non-adaptive aversive expectancies and a state of chronic
anxiety.
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4
The Neurochemical Basis of Fear and Anxiety

Specific neurotransmitters and neuropeptides act on brain areas noted above
in the mediation of fear and anxiety responses. These neurochemicals are
released during stress, and chronic stress results in long-term alterations in
function of these systems. Stress axis neurochemical systems prepare the or-
ganism for threat in multiple ways, through increased attention and vigilance,
modulation of memory (in order to maximize the utilization of prior experi-
ence), planning, and preparation for action. In addition, these systems have
peripheral effects, which include increased heart rate and blood pressure (cat-
echolamines) and rapid modulation of the body’s use of energy (cortisol). The
neurobiological responses to threat and severe stress are clearly adaptive and
have survival value, but they also can have maladaptive consequences when
they become chronically activated. Examination of the preclinical data con-
cerning neurochemical substrates of the stress response, the long-term impact
of early life exposure to stress, and possible stress-induced neurotoxicity pro-
vide a context to consider clinical investigations of the pathophysiology of the
anxiety disorders.

5
Noradrenergic System

Stressful stimuli of many types produce marked increases in brain noradrener-
gic function. Stress produces regional selective increases in NE turnover in the
locus coeruleus (LC), limbic regions (hypothalamus, hippocampus, and amyg-
dala), and cerebral cortex. These changes can be elicited with immobilization
stress, foot-shock stress, tail-pinch stress, and conditioned fear. Exposure to
stressors from which the animal cannot escape results in behavioral deficits
termed learned helplessness. The learned helplessness state is associated with
depletion of NE, probably reflecting the point where synthesis cannot keep up
with demand. These studies have been reviewed elsewhere in detail (Bremner
et al. 1996a,b).

The LC is a compact nucleus containing noradrenergic neurons as well
as peptide neurotransmitters (e.g., hypocretin and CRH) that influence its
activity. LC neurons can fire in either a tonic or phasic pattern, and electrotonic
coupling between neurons can be influenced by neurotransmitters. Release of
NE can be accompanied by co-release of the peptide neurotransmitter galanin,
which is inhibitory and may alter the firing rate of DA neurons, thus altering
its hedonic tone. Shifts in the pattern of firing of LC neurons are thought to be
of great importance in understanding attentional processes, often disrupted
in depression. The LC neurons have long dendritic processes for synaptic
contact to influence its activity, and LC neurons may be strongly influenced
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by anterior cingulate cortex. It has recently been suggested that the A2 group
of the medulla may innervate important structures such as the amygdala and
nucleus accumbens and thus may be important in affect regulation. Receptors
for NE are grouped into a1, a2, B1, and B2 subtypes.

Chronic therapy with antidepressants results in adaptive receptor alter-
ations in the noradrenergic system. Three genes code for the expression of a1
subtypes, and these three receptor subtypes (A-C) have distinctive pharma-
cological properties. Recent data suggest that chronic antidepressants and
electroconvulsive stimulation (ECS) may increase frontal cortex expression of
mRNA specifically for the alA-adrenoreceptor subtype and, as such, this re-
ceptor may be involved in the action of noradrenergic antidepressants (Nalepa
et al. 2002). Repeated administration of antidepressants has been observed to
increase behavioral responsivity to al-adrenergic agonists (such as aggres-
siveness and hyperexploration) as well as increasing agonist-binding affinity
for al-adrenoreceptors.

Electrophysiological studies in the hippocampus also support enhanced a1
responses after chronic antidepressant treatments. Recent data indicate that
the novel antidepressant tianeptine, which may increase serotonin reuptake
when given chronically, also increases responsiveness of the al-adrenergic
system (Rogoz et al. 2001).

Single unit recording from the LC indicates that chronic administration of
multiple classes of antidepressants and electroconvulsive stimulation reduce
LC baseline and sensory-stimulated firing rates (Grant et al. 2001). It has been
hypothesized that reducing the firing rate of noradrenergic neurons may be
therapeutic, especially in anxiety disorders and also subgroups of patients with
depression with certain clinical features, such as psychomotor retardation, by
reducing the release of inhibitory co-released galanin neuropeptide onto DA
neurons in the ventral tegmental area (VTA) (Weiss et al. 1998). However,
reduced firing in the noradrenergic neurons of the LC could simply be a func-
tion of increased levels of synaptic or extracellular NE resulting in feedback
inhibition of LC firing (Grant et al. 2001).

The a2 antagonist, yohimbine, has been observed to augment the speed of
response to fluoxetine (Sanacora et al 2004), and in a very small study (n=14)
of bipolar depression the a2 antagonist idazoxan appeared to have antide-
pressant effects equal to bupropion (Grossman et al 1999). Upregulation of
immunolabeled a2A receptors and associated G proteins (Gi) are observed
postmortem in suicide victims (Garcia-Sevilla et al. 1999). This is of interest,
given the critical importance of these receptors in stress and in regulating lev-
els of monoamines via autoreceptors and heteroreceptors. As well, the efficacy
of antidepressants such as mirtazapine and mianserin may in part depend on
these receptors. Recent transgenic experiments suggest that the a2 receptor
may act as a “suppressor of depression,” Knockout of the gene for the «2
receptor increases immobility in the forced swim test and eliminates the aug-
mentation of forced swim test activity by imipramine (Schramm et al. 2001).
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In contrast, other recent experiments suggest that mice lacking «a2C receptors
perform on the forced swim test in the same fashion as mice treated with
antidepressants (Sallinen et al. 1999). Thus, the a2A and the a2C receptors
may have complementary and opposing roles in the regulation of mood and
anxiety and have a complementary role in NE responses in the heart (Schramm
etal. 2001). If reducing a2C activity is to be used as an antidepressant strategy
it may require some method of targeting only those receptors in the CNS,
since an a2CDel322-325 polymorphism that reduces feedback inhibition of
sympathetic NE released in the heart is associated a markedly a increased risk
of heart disease (Small et al. 2002). Since some individuals with depression
also have memory disturbance, recent evidence that mutation of the «2A re-
ceptor impairs working memory could also help us understand the cognitive
symptoms observed in depression (Franowicz et al. 2002).

Crosstalk between the catecholamine system and steroids may be another
novel mechanism through which NE and epinephrine—by increasing the sen-
sitivity of glucocorticoid receptors to ligand activation—could alter mood
and anxiety symptoms. A recent study found that amitriptyline prevented
the appearance of impairment in spatial memory in aged rats and reduced
glucocorticoid levels, and this effect is most likely secondary to NE-mediated
alteration in glucocorticoid signaling (Yau et al. 2002). Augmentation effects of
catecholamines on GR signaling may thus be important in cognitive and emo-
tional processing. The PI3-K signaling pathway activation through 3-receptors
appears to be responsible for this putative enhancement of glucocorticoid ac-
tivity, and it is tempting to conjecture that antidepressants that are known to
downregulate B-receptors and influence PI3-K signaling could act by gluco-
corticoid receptor sensitization (Schmidt et al. 2001).

As can be seen in Table 2, chronic symptoms experienced by anxiety dis-
order patients, such as panic attacks, insomnia, startle, and autonomic hy-
perarousal, are characteristic of increased noradrenergic function (Charney
et al. 1984, 1987a). Potential drugs of abuse, such as alcohol, opiates, and
benzodiazepines (but not cocaine), decrease firing of noradrenergic neurons.
Increases in abuse of these substances parallels increased anxiety symptoms,
providing evidence for self-medication of these symptoms that is explainable
based on animal studies of noradrenergic function. In addition, patients with
anxiety disorders frequently report significant improvement of symptoms of
hyperarousal and intrusive memories with alcohol, benzodiazepines, and opi-
ates, which decrease LC firing, but worsening of these symptoms with cocaine,
which increases LC firing.

There is strong evidence that function of the brain noradrenergic system
is involved in mediating fear conditioning (Rasmussen et al. 1986; Charney
and Deutch 1996). Neutral stimuli paired with shock (CS) produce increases
in brain NE metabolism and behavioral deficits similar to those elicited by
the shock alone (Cassens et al. 1981) as well as increased firing rate of cells
in the LC (Rasmussen et al. 1986). An intact noradrenergic system appears
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Table 2 Evidence for altered catecholaminergic function in anxiety disorders®

PTSD Panic disorder

Increased resting heart rate and blood pressure +/- +/-

Increased heart rate and blood pressure response to trau- +++ ++
matic reminders/panic attacks

Increased resting urinary NE and E + +/-
Increased resting plasma NE or MHPG - -

Increased plasma NE with traumatic reminders/panic attacks + +/-
Increased orthostatic heart rate response to exercise + +
Decreased binding to platelet &, receptors + +/-
Decrease in basal and stimulated activity of cAMP +/- +
Decrease in platelet MAO activity + NS
Increased symptoms, heart rate and plasma MHPG with ++ +++
yohimbine

noradrenergic challenge

Differential brain metabolic response to yohimbine + +

2 One or more studies do not support this finding (with no positive studies), or the majority
of studies does not support this finding; +/—, an equal number of studies support and do
not support this finding; +, at least one study supports and no studies do not support the
finding, or the majority of studies supports the finding; + +, two or more studies support
and no studies do not support the finding; + + +, three or more studies support and
no studies do not support the finding; cAMP, cyclic adenosine 3’,5’;-monophosphate; E,
epinephrine; MAO, monoamine oxidase; MHPG, 3-methosy-4-hydroxyphenylglycol; NE,
norepinephrine; NS, not studied; PTSD, posttraumatic stress disorder.

to be necessary for the acquisition of fear-conditioned responses (Cose and
Robbins 1987).

Many patients with anxiety disorders experience an increased susceptibility
to psychosocial stress. Behavioral sensitization may account for these clinical
phenomena. In the laboratory model of sensitization, single or repeated ex-
posure to physical stimuli or pharmacological agents sensitizes an animal to
subsequent stressors (reviewed in Charney et al. 1993). For example, in an-
imals with a history of prior stress, there is a potentiated release of NE in
the hippocampus with subsequent exposure to stressors (Nisenbaum et al.
1991). Similar findings were observed in medial prefrontal cortex (Finlay and
Abercrombie 1991). The hypothesis that sensitization is underlying neural
mechanism contributing to the course of anxiety disorders is supported by
clinical studies demonstrating that repeated exposure to traumatic stress is an
important risk factor for the development of anxiety disorders, particularly
PTSD (Table 1).
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6
Posttraumatic Stress Disorder

There is extensive clinical evidence that NE plays a role in human anxiety. Well-
designed psychophysiological studies have been conducted that have docu-
mented heightened autonomic or sympathetic nervous system arousal in com-
bat veterans with chronic PTSD. Because central noradrenergic and peripheral
sympathetic systems function in concert (Aston-Jones et al. 1991), the data
from these psychophysiology investigations are consistent with the hypothesis
that noradrenergic hyperreactivity in patients with PTSD may be associated
with the conditioned or sensitized responses to specific traumatic stimuli.

There is some evidence that baseline levels of NE are consistently altered
in combat-related PTDS. Women with PTSD secondary to childhood sexual
abuse had significantly elevated levels of catecholamines (NE, epinephrine,
DA) and cortisol in 24-h urine samples (Lemieux and Coe 1995). Sexually
abused girls excreted significantly greater amounts of catecholamine metabo-
lites, metanephrine, vanilmandelic acid, and homovanillic acid (HVA) than
girls who were not sexually abused (DeBellis et al. 1994). Plasma levels of NE
were elevated throughout a 24-h period collection period (Yehuda et al. 1995b)
as were CSF levels of NE in PTSD patients (Baker et al. 1997). In the latter case,
exposure to traumatic reminders in the form of combat films resulted in in-
creased epinephrine (McFall et al. 1992) and NE (Blanchard et al. 1991) release.

Studies of peripheral NE receptor function have also shown alterations in a2
receptor and cyclic adenosine 39,59-monophosphate (cAMP) function in pa-
tients with PTSD. Decreases in platelet adrenergic «2-receptor number (Perry
etal. 1987), platelet basal adenosine, isoproterenol, forskolin-stimulated cAMP
signal transduction (Lerer et al. 1987), and basal platelet monoamine oxidase
(MAO) activity (Davidson et al. 1985) have been found in PTSD. These find-
ings may reflect chronic high levels of NE release which lead to compensatory
receptor down-regulation and decreased responsiveness.

Patients with combat-related PTSD compared to healthy controls had en-
hanced behavioral, biochemical, and cardiovascular responses to the a2 antag-
onist yohimbine, which stimulates central NE release (Southwick et al. 1993,
1997). Moreover, a positron emission tomography study demonstrated that
PTSD patients have a cerebral metabolic response to yohimbine consistent
with increased NE release (Bremner et al. 1997b).

7
Panic Disorder

There is considerable evidence that abnormal regulation of brain noradrener-
gic systems is also involved in the pathophysiology of panic disorder. Panic dis-
order patients are very sensitive to the anxiogenic effects of yohimbine in addi-
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tion to having exaggerated plasma 3-methoxy-4-hydroxyphenylethyleneglycol
(MHPG), cortisol, and cardiovascular responses (Charney et al. 1984, 1987a,
1992; Gurguis and Uhde 1990; Albus et al. 1992; Yeragani et al. 1992). Chil-
dren with a variety of anxiety disorders exhibit greater anxiogenic responses
to yohimbine than normal comparison children (Sallee et al. 2000). The re-
sponses to the a2-adrenergic receptor agonist clonidine are also abnormal in
panic disorder patients. Clonidine administration caused greater hypotension,
greater decreases in plasma MHPG, and less sedation in panic patients than in
controls (Uhde et al. 1988; Nutt 1989; Coplan et al. 1995a,b; Marshall et al. 2002).

8
Phobic Disorders

Few studies have examined noradrenergic function in patients with phobic
disorders. In patients with specific phobias, increases in subjective anxiety
and increased heart rate, blood pressure, plasma NE, and epinephrine have
been associated with exposure to the phobic stimulus (Nesse et al. 1985). This
finding may be of interest from the standpoint of the model of conditioned fear,
reviewed above, in which a potentiated release of NE occurs in response to a re-
exposure to the original stressful stimulus. Patients with social phobia have
been found to have greater increases in plasma NE in comparison to healthy
controls and patients with panic disorder (Stein et al. 1992). In contrast to
panic disorder patients, the density of lymphocyte a-adrenoceptors is normal
in social phobic patients (Stein et al. 1993). The growth hormone response to
intravenous clonidine (a marker of central a2-receptor function) is blunted in
social phobia patients (Tancer et al. 1990).

9
Conclusion

There is emerging evidence that links the role of genetic factors to the vulnera-
bility to stress-related psychopathology, such as PTSD. An investigation of twin
pairs from the Vietnam Twin Registry reported thatinherited factors accounted
for up to 32% of the variance of PTSD symptoms beyond the contribution of
trauma severity (True et al. 1993). The molecular neurobiological abnormali-
ties that underlie these findings have not been elucidated. Two relatively small
association studies which evaluated D, dopamine receptor polymorphisms in
PTSD yielded contradictory results (Comings et al. 1996; Gelernter et al. 1999).
A preliminary study found an association between the dopamine transporter
(DAT) polymorphism and PTSD (Gelernter et al. 1999). Volumetric magnetic
resonance imaging investigations demonstrated a smaller hippocampal vol-
ume in PTSD patients (Bremner et al. 1995; Bremner et al. 1997; Gurvits et al.
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1996). A study of monozygotic twins discordant for trauma exposure found
evidence that smaller hippocampal volume may constitute a risk factor for
the development of stress-related psychopathology (Gilbertson et al. 2002).
The recent identification of functional polymorphisms for the glucocorticoid
receptor (DeRijk et al. 2002), the a2C adrenergic receptor subtype (Small et al.
2002), and for NPY synthesis (Kallio et al. 2001) provide opportunities to
investigate the genetic basis of the neurochemical response patterns to stress.
Work is commencing to examine the genetic basis of the neural mechanisms
of fear conditioning. There have been several recent advances in understand-
ing the genetic contribution and molecular machinery related to amygdala-
dependent learned fear. A gene encoding gastrin-releasing peptide (Grp) has
been identified in the LA. The Grp receptor (GRPR) is expressed in GABAer-
gic interneurons and mediates their inhibition of principal neurons. In GRPR
knockout mice, this inhibition is reduced and LTP enhanced. These mice have
enhanced and prolonged fear memory for auditory and contextual cues, in-
dicating that the GRP signaling pathway may serve as an inhibitory feedback
constraint on learned fear (Walker et al. 2000). The work further supports
the role of GABA in fear and anxiety states (Goddard et al. 2001) and sug-
gests the genetic basis of vulnerability to anxiety may relate to GRP, GRPR, and
GABA (Ishikawa-Brush et al. 1997). Other preclinical studies indicate that there
may be a genetically determined mesocortical and mesoaccumbens dopamine
response to stress that relates to learned helplessness (Ventura et al. 2002).
Recently, it was demonstrated that healthy subjects with the serotonin trans-
porter polymorphism that has been associated with reduced 5-HT expression
and function and increased fear and anxiety behaviors, exhibit increased amyg-
dala neuronal activity in response to fear-inducing stimuli (Hariri et al. 2002;
Garpenstrand etal. 2001; Holmes et al. 2002). These preclinical and clinical data
suggest that multidisciplinary studies that use neurochemical, neuroimaging,
and genetic approaches have the potential to clarify the complex relationships
among genotype, phenotype, and psychobiological responses to stress.
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Abstract By controlling spike timing and sculpting neuronal rhythms, inhibitory interneu-
rons play a key role in brain function. GABAergic interneurons are highly diverse. The
respective GABA, receptor subtypes, therefore, provide new opportunities not only for
understanding GABA-dependent pathophysiologies but also for targeting of selective neu-
ronal circuits by drugs. The pharmacological relevance of GABA, receptor subtypes is
increasingly being recognized. A new central nervous system pharmacology is on the hori-
zon. The development of anxiolytic drugs devoid of sedation and of agents that enhance
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hippocampus-dependent learning and memory has become a novel and highly selective
therapeutic opportunity.

Keywords Anxiolytics - Hypnotics - Memory - Schizophrenia - Epilepsy

1
Inhibitory Interneurons

The dynamics of neural networks are largely shaped by the activity pattern
of interneurons, most of which are GABAergic (Buzsaki and Chrobak 1995;
Paulsen and Moser 1998; Freund and Buzsaki 1996; Miles 2000; Klausberger
etal.2002; Klausberger etal. 2003). The activity of these interneurons is thought
to set the spatio-temporal conditions requ