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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-
cologyandcognitiveneuroscience converge towards an integratedunderstand-
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. Keckand M.B. Müller
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.J. 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. Möhler, K. Vogt, F. Crestani
and U. Rudolph review the pathophysiology and pharmacology of the γ-
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aminobutyric acid (GABA)A receptors. The diversity of the GABAA 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. Zieglgänsberger. At present,
there seems to be a consensus that competitive AMPA and N-methyl-d-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. Ströhle. The heterogeneity of agents capable of producing panic attacks
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in susceptible patients and the inconsistency of autonomic responses during
a panic 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. Ströhle. 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 inanxietydisordersaredescribedbyE.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
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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. Ströhle
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Abstract Learning and 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 selectionof suitable animalmodels, it becamemoreandmore 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
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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
paradigmsofaversiveclassical conditioning. In these tasks, a toneor 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
they learn 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
chance levels, 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/6J 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,butalso theavailabilityof 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 (Würbel 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



Learning and Memory 11

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 γ-aminobutyric acid (GABA)A 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 CA1 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 theprocessingof aversivememories 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).

4.3.2
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; Pitkänen 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, Ramón 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. Hölscher 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-d-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, Müller and Pilzecker proposed the perseveration–
consolidation hypothesis, according to which new memories initially persist in
a fragile 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
otherbrain structuresonly.According to their hypothesis, punishmentused 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.

5.3
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).

5.4
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 a role in 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 β-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
presentationof theCS that cannotbeavoidedby theanimals. In commonlyused
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
(responseprevention) andprolonging the exposure to theCS/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
cellularmechanismsunderlying the formationandextinctionof aversivemem-
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 d-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 responsesor symptomsobserved inpatients
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 anxiety; 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
paradigmsofunconditionedandconditionedanxiety, not explicitlymentioned
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
useful inbehaviorallyphenotypingdrugs thatpotentially affectdistinct 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
a lack 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

2.1.1
Avoidance of Unprotected Areas as Index for Anxiety

Independentof the test set-up, there are species-specificbehavioral 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

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-
don1968). It is suggested that exploration is gradually inhibitedbyanxiety, and,

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,
a mouse 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).

2.1.3
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

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,
indicatingahighsensitivityof riskassessmentbehavior foranxiety-modulatingdrugeffects.
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.

2.1.4
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
suppressionofdrinking is considered to represent a reliable test forpanicdisor-
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-
tionedanxiety (Griebel et al. 1997;TrullasandSkolnick1993;Rogersetal. 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. Ina specificvariation, also referred toas free exploration test, anopenfield
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 theopenfieldmaybeuseful indetectinggenetic orpharmacological 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 themost frequentlyused test forunconditionedanxiety is the elevated
plus maze (EPM), which was first introduced by File and coworkers (Pellow
et al. 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).

2.2.3
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.

2.2.5
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
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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
a wide 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.

2.3
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-
sponsewasfirstdescribedbyBrownet al. (1951). In theoriginal test, anacoustic
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

3.1.1
Selectively Bred Rat Lines

Animalmodels basedongenetic selectionare intended tomodel 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



50 F. Ohl

breeding lines selected for emotionality (1938). In the following section, some
still-existing and available selectively bred rat lines for emotionality will be
introduced.

3.1.1.1
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

Alreadyseveraldecadesago, two lineswere selectedbyBroadhurst andBignami
(1965) from Wistar rats, which showed either good or bad performance in
a two-wayactiveavoidance task.These rat lineswerecalledRomanhigh- (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 Bättig 1982; Escorihuela et al. 1999; Fernandez-Teruel
et al. 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).

3.1.1.4
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
et al. 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

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
disorders it isnot sufficient to screen foranxiety-relatedbehavioral 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 toproduceanimalmodelswith facevalidity forpsychiatric
disorders, but rather to delineate the role of a specific gene product for the
behavioral phenotype (Müller 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 γ-aminobutyric acidergic (GABAergic) transmission at GABAA
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 Möhler
et al., 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-HT2C
receptor has been shown to regulate feeding behavior (Tecott et al. 1995),
the 5-HT1B knock-out mouse shows an altered emotional learning (Dulawa
et al. 1997). More recently, the 5-HT1A 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 (Müller 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 Müller 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,
includinghypomorphs, allelesofdifferent strength, andgainof functionalleles.
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 stemcells, leading toa largenumberofF1animals carryingdifferent
mutations.

Complementary to the“gene-driven”analysisofgene 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 a large-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; Müller 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
et al. 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 tapwater (Willner et al. 1992), bothbeing interpreted



58 F. Ohl

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.

3.2.3
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
primeorganismofchoice formodelinghumandisease.Avarietyofmice 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 phenotypeof inbredmouse strainsoccasionally 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
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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).

Inaddition togenetic approaches,behavioral, functional imaging, andphar-
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 regulatorypathways 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-HT1A autoreceptors located in the somatodendritic
section of neurons. Release of 5-HT at the terminal fields is regulated by the 5-
HT1B 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
a messenger 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-HT1 and 5-HT2 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; Di Pino
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-HT1–4. Gene identification efforts have eventually not only vali-
dated this classification but also uncovered the existence of several novel 5-HT
receptor subtypes (5-HT1E/F, 5-HT3A/B, 5-HT5A/B, 5-HT6, and 5-HT7) (Barnes
and Sharp 1999; Hoyer and Martin 1997). In 5-HT2–7 receptor genes, the
coding region is interrupted by introns, whereas the genes for 5-HT1A–F re-
ceptors contain no intronic sequences. The 5-HT2B, 5-HT4, 5-HT6, and 5-HT7
receptors are alternatively spliced and RNA editing of the 5-HT2C receptor sub-
type in the second intracellular loop has been reported to confer differential
receptor properties. A genetic 5-HT1A receptor variant, Gly22Ser, shows differ-
ences in agonist-induced downregulation compared with the wildtype 5-HT1A
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-HT1A, 5-HT2A, 5-HT2C, 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-HT1A 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
et al. 1999). Patients with panic disorder and depression display an attenuation
of 5-HT1A receptor-mediated hypothermic and neuroendocrine responses, re-
flecting a reduced responsivity of both pre- and postsynaptic 5-HT1A receptors
(Lesch et al. 1990b; Lesch et al. 1992). Likewise, a decrease in 5-HT1A 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 et al. 1999; Sargent et al. 2000). Both glucocorticoid
administration and chronic stress, a pathogenetic factor in affective disorders,
have also been demonstrated to result in downregulation of 5-HT1A receptors
in the hippocampus in animals (Flugge 1995; Lopez et al. 1998; Wissink et al.
2000). While deficits in hippocampal 5-HT1A 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-HT1A receptor and radiological methods, Santarelli and coworkers
(2003) have provided persuasive evidence that 5-HT1A-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-HT1A 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-HT1A recep-
tor gene (HTR1A) resulting in allelic variation of 5-HT1A 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-HT1A receptors operate both as somatodendritic autoreceptors and as
postsynaptic receptors. Somatodendritic 5-HT1A autoreceptors are predomi-
nantly located on 5-HT neurons and dendrites in the brainstem raphe complex
and their activation by 5-HT or 5-HT1A 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-HT1A
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-HT1A receptor ex-
pression is modulated by steroid hormones and 5-HT1A-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-HT1A 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-HT1A 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 inmoodandanxietydisorders encouraged investigators togenetically
manipulate the 5-HT1A receptor in mice (Table 1) (Heisler et al. 1998; Parks
et al. 1998; Ramboz et al. 1998). Mice with a targeted inactivation of the 5-HT1A
receptor show a complete lack of ligand binding to brain 5-HT1A 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 Mössner 1999).

3.1.1.1
Anxiety-Related Behavior

5-HT1A 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
anxiety-related
behavior

Additional behavioral
phenotypes, special
features

Authors

Serotonergic
neuron phenotype-
specific genes
5-HT receptor 1A ↑ Consistent in different

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

5-HT receptor 1B ↓ Aggression ↑ Brunner et al. 1999
5-HT transporter ↑ Stress reactivity

Aggression ↓ ↑
Holmes et al. 2003
Holmes et al. 2002

TPH 1 − Normal 5-HT in brain Walther et al. 2003
TPH 2 n.d.
MAOA ↑ (?) Aggression ↑

Stress reactivity ↑
Cases et al. 1995
Seif and De Maeyer
1999

Signal transduction
AC VIII ↑ Schaefer et al. 2000
CamKII ↓ Offensive aggression ↑ Chen et al. 1994
GIRK2 ↓ Hyperactivity Blednov et al. 2001
nNOS ↓ (?) Impulsivity and ag-

gression ↑
Chiavegatto et al.
2001

Developmental
factors
NCAM ↑ 5-HT1A response ↑

GIRK2 ↑
Delling et al. 2002
Stork et al. 1999

Pet1 ↑ Aggression ↑ Hendricks et al. 2003
BDNF ↑* *Conditional knockout

Constitutive knockout
+/−, Aggression ↑
−/−, Not viable

Rios et al. 2001
Lyons et al. 1999

Other 5-HT related
systems
tPA ↑ Gap43, a growth-

associated protein of
growing 5-HT axons ↓

Pawlak et al. 2002

Neurokinin 1 recep-
tor

↑ Serotonergic function ↑ Santarelli et al. 2001

AC VIII, adenylyl cyclase type VIII; BDNF, 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; Pet1, ETS domain transcription factor; tPA, serine
protease tissue-plasminogen activator (tPA). ↑/↓, 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-
HT1B 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/6J, and 129/SV
backgrounds, substantiating the assumption that this behavior is an authentic
consequence of reduced or absent 5-HT1A receptors. While all investigators
used open field exploratory behavior as a model for assessing anxiety, two
groups confirmed that 5-HT1A 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-HT1A 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-HT1A autoreceptor negative feedback function
(Lesch and Mössner 1999). Although extracellular 5-HT concentrations and 5-
HT turnover appear to be unchanged in the brain of 5-HT1A 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-HT1B
receptors (Olivier et al. 2001; Toth 2003). In contrast to 5-HT1A 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 et al. 2001). This may reflect a lackof compensatory changes in 5-HT1B
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-HT1A
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-HT1A receptor in
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some animal models of anxiety-related behavior. This notion is based, in part,
on evidence that 5-HT1A 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-HT1A receptors has been proposed to
elicit anxiogenic effects, while activation of 5-HT1A 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-HT1A 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-HT1A 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-HT1A receptor in mice, specifically in forebrain
structures, results in a robust anxiety-related phenotype and that this pheno-
type in5-HT1A KOmice is causedby theabsenceof the receptorduringa critical
period of postnatal development, whereas inactivation of 5-HT1A 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-HT1A receptor mediates anxiety-related behavior,
the neurodevelopmental mechanism that renders 5-HT1A 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-HT2C re-
ceptor) may contribute to increased anxiety in rodent models, multiple down-
stream neurotransmitter pathways or neurocircuits, including γ-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-HT1A 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-
HT1A 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-HT1A autoreceptor-dependent nega-
tive feedback regulation or enhanced dopamine and norepinephrine function
because it is reversed by pretreatment with α-methyl-para-tyrosine, but not
by para-chlorophenylalanine (Mayorga et al. 2001).

Although the behavior of 5-HT1A 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-HT1A 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-HT1A 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-
HT1A 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-HT1A, 5-HT1B, and 5-HT2A, 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-HT1A receptor
KO mice powerfully validates the practicability of KO animal models.

3.1.2
Serotonin Receptor 1B

The 5-HT1B receptor was the first subtype to have its gene inactivated by
classical homologous recombination (Saudou et al. 1994). 5-HT1B 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-HT1B
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receptors are largely lacking, but indirect pharmacological evidence suggests
that 5-HT1B activation influences food intake, sexual activity, locomotion, and
emotionality including, particularly, impulsivity and aggression.

Generation of mice with a targeted disruption of the 5-HT1B 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-HT1B receptors, were
analyzed. Wildtype and null-mutant (5-HT1B

−/−) mice were found to display
similar levels of locomotor activity in an open field. However, 5-HT1B receptor
KO mice show adaptation in 5-HT2C receptor-mediated functions with smaller
reductions in food intake and locomotor activity in response to administra-
tion of 5-HT2C receptor agonists. Impulsivity and aggression-related behavior
of male 5-HT1B

−/− 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-HT1B KO mice, when compared with wildtype mice, showed more rapid,
more intense, and more frequent attacks. Lactating female 5-HT1B

−/− 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-HT1B 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-HT1A receptor-deficient mice, 5-HT1B KOs are
more reactive and more aggressive but show dramatically less anxiety-related
behavior than control mice, although both 5-HT1A and 5-HT1B 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-HT1A
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-HT1A
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-HT1A
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-HT1A 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-HT1A receptor availability in limbic and cortical regions.
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3.1.3
Other Serotonin Receptors

Prior to the generation of 5-HT2C 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-HT2C 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-HT2C 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-HT5A and 5-HT7, 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-HT5A 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 the remaining 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 11p15.1, 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 TPH1 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 TPH1 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 TPH1 KO mice,
indicating that the behavioral effects of 5-HT in the brain are uncoupled and
thus independent from 5-HT and its metabolites in peripheral tissues.

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
TPH1 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
behavior inTPH1KOmice, this conclusioncalls 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
et al. 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 a role of 5-HT in the development of neonatal rodent
SSC derives from the transient barrel-like distribution of 5-HT, 5-HT1B, and
5-HT2A 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).



Genetic Alterations of the Murine Serotonergic Gene Pathway 87

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
identifiedaproteinwith12 transmembranedomains (TMDs)andstudiesusing
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-HT1A 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-HT1A receptor
(Holmes et al. 2003). Unlike heterozygous 5-HT1A

+/− 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-HTT+/−

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-HT1A 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-HT1A 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-HT1A 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-HT1A 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-HT1B receptors (Fabre et al. 2000).

Therefore, a partial downregulation of postsynaptic 5-HT1A 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-HT1A 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-HT1A 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-HTT−/− 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.

3.3.3
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 SSC layer IV of 5-HTT KO mice was shown, it is more likely
that 5-HT affects SSC cytoarchitecture by promoting dendritic growth toward
the barrel hollows as well as by modulating cytokinetic 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.

Thesefindingsdemonstrate that excessive amountsof extracellular 5-HTare
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-HT1B receptor. Both
molecules are expressed in primary sensory thalamic nuclei during the period
when the segregation of thalamocortical projections occurs (Bennett-Clarke
et al. 1996;Hanssonet al. 1998). 5-HT is internalizedvia 5-HTT in thalamicneu-
rons and is detectable in axon terminals (Cases et al. 1998; Lebrand et al. 1996).
The presence of the VMAT2 within the same neurons allows internalized 5-HT
to be stored in vesicles and used as a cotransmitter of glutamate. Lack of 5-HT
degradation in MAOA KO mice as well as severe impairment of 5-HT clearance
in mice with an inactivation of 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-HT1B receptors are known to inhibit the release of glutamate
in the thalamocortical somatosensory pathway, excessive activation of 5-HT1B
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-HT1B 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-HT1B 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-HT1B 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-HT2C 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
repetitiveorpost-restraint stress testing in the elevatedplusmaze 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 CREB1 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 II

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.

3.4.3
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, α2-adrenoreceptor, 5-
HT1A, adenosine A1, GABAB, µ-, δ-, and κ-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-HT1A 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-HT1A
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).

3.4.4
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-HT1A and 5-HT1B receptor function in brain regions regulating
emotion. These findings indicate an interaction of nNOS and the 5-HT system
mediated through 5-HT1A and 5-HT1B 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



Genetic Alterations of the Murine Serotonergic Gene Pathway 95

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

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, TGFβ, 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-HT1A 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 Pet1, respectively (Ding et al. 2003;
Hendricks et al. 1999). By coupling Nkx2.2-mediated early specification with
Pet1-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 Pet1 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). Pet1 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 Pet1 binding motifs are present in
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the transcriptional regulatory regions of both the human and murine 5-HT1A
receptor, 5-HTT, tryptophan hydroxylases (Tph1 and 2), and aromatic l-amino
acid decarboxylase (Aaad) genes whose expression profile is characteristic of
the serotonergic neuron phenotype, i.e., 5-HT synthesis, release, uptake, and
metabolism.

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 Pet1 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 Pet1 as a critical regulator of serotonergic
system specification.

While nearly all serotonergic neurons fail to differentiate in mice lacking
Pet1, 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 Pet1 KO mice, whereas
no major cytoarchitectural abnormalities in nuclear groups of several brain
regions were detected. Interestingly, Pet1-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 Pet1 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
roleofmessengerRNAelongationandothermechanismsofneural 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-β (TGF-β), 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-HT1A receptor, brain-derived
neurotrophic factor (BDNF), and its receptorTrkB,aswell asawidespectrumof
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-
ment andpreventsneurotoxin-induced serotonergicdenervation inadult 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-HT1A, and 5-HT1B 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
a reduced 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 BDNF. 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.

3.5.4
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-HT1A binding as well as brain 5-HT and 5-HIAA tissue
concentrations were unaltered, lower doses of 5-HT1A agonists are neces-
sary to reduce anxiety and aggressiveness in the NCAM−/− mice, suggest-
ing a functional change in the 5-HT1A receptor (Stork et al. 1999). Interest-
ingly, the expression of one of the effectors of the 5-HT1A receptor, the G
protein-activated inward rectifying potassium channel 2 (GIRK2) is greatly
upregulated in NCAM KO mice, thus identifying disrupted 5-HT1A-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-HT1A 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; McIlvain 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

AlthoughsubstanceP (SP) and its receptor, neurokinin1 receptor (NK1R), have
been implicated in the control ofmood, anxiety, and stress, the efficacyofNK1R
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/NK1R 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-HT1A and 5-HTT (Reif and Lesch 2003; Rothe
et al. 2004; Strobel et al. 2003), and aggressive behavior, such as 5-HT1B and
MAOA (Lappalainen et al. 1998; Lesch and Merschdorf 2000; Samochowiec
et al. 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 Mössner 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
disequilibrium with
promoter haplotype:
T-261G, A-161T, and
-182INS/DEL-181)

Impulsivity,
aggression

Alcoholism

2C Cys23Ser HTR2C-LPR Feeding,
learning, and
memory, anxiety?

Hallucinatory psychosis,
eating disorders

5-HTT 5HTT-LPR Anxiety, depression,
stress reactivity,
aggression

Depression/suicidality,
alcoholism, OCD, autism,
ADHD, eating disorders

MAOA MAOA-LPR Aggression, anxiety
antisocial behavior

Alcoholism, panic
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). Panicdisorderpatientsdonot showany relevant alterations in theirbasal
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 (Hökfelt 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; Müller 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., Müller 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).

GC, 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
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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, arehighly expressed in thehippocampusand, 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 at least 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-
daloidCRHsystem.Chronic stressful life events could result ina lossof 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 II (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 CRHR2 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
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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 as a high ACTH
secretagoguepotency (Asabaetal. 1998).BothUCNII (also termedstresscopin-
related peptide) and UCN III (stresscopin) bind selectively to CRHR2, with no
appreciable activity on CRHR1 (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
et al. 1998). There seems to be only limited overlap between the distribution of
CRH and UCN (Morin et al. 1999). UCN II 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
CRHR2 display a markedly different tissue distribution and pharmacological
specificity (Chalmers et al. 1995). CRHR1 has been proposed to mediate the
effects of CRH on HPA system function and anxiety-related behavior (Liebsch
et al. 1995, 1999; Skutella et al. 1998), whereas CRHR2 might be predominantly
involved in the regulationof feedingbehavior (Spinaet al. 1996), cardiovascular
function, and the recovery phase of the HPA response (Coste et al. 2000). The
CRHR2 receptor family has additional diversity in that two isoforms have
been described: CRHR2α and CRHR2β (Chalmers et al. 1995; Lovenberg et al.
1995a). The CRHR2α receptor is expressed primarily in subcortical neuronal
populations, whereas the CRHR2β isoform is expressed in non-neuronal cells
in the central nervous system (e.g., cerebral arterioles and choroid plexus).
Peripherally, CRHR2β mRNA is found in heart, lung, and skeletal muscle
(Chalmers et al. 1995; Lovenberg et al. 1995a). In humans only, a third splice
variant,CRHR2γ, hasbeen identifiedwhich is expressed in selectedbrainareas,
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).

2.3
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 CRHR1 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
CRHR1 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 CRHR1, 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
(Takahashi 2001; Reul and Holsboer 2002). CRHR2 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; Künzel 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.

2.4
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 (Hökfelt 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 (V1b) receptor
antagonist SSR149415 was shown to display anxiolytic and antidepressant-like
effects in rodents (Griebel et al. 2002). Similarly, the AVP 1a (V1a) 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, V1a-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 (Müller 1999; Müller 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 α-
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 α-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 CRHR1 is anxiolytic, but that
another CRH-related peptide or yet-unidentified CRH receptor ligand could
have compensated for the CRH deficiency in these animals.

3.3
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 CRHR2 in the lateral
septum.
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3.4
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
ACTHsecretionwas seen inmalebutnot female transgenicmice followingHPA
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 α-subunit
(α-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 CRHR1 in both anxiety-related behavior
and HPA system regulation, two mouse lines deficient for CRHR1 have been
independently generated (Smith et al. 1998; Timpl et al. 1998). Their phenotype
confirms the obligatory role of CRHR1 in both the stress-associated response
of the HPA system and anxiety: in particular, homozygous CRHR1 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
et al. 1996). Mice lacking a functional CRHR1 represent a useful animal model
to address the question of whether or not a dysfunctional CRH/CRHR1 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-d-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/CRHR1.
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; Kovács
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 (Müller 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 CRHR1 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 (CRHR1loxP/loxPCaMKII 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/CRHR1 signaling path-
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ways in behaviorally relevant limbic neuronal circuitries significantly reduced
anxiety-related behavior. The anxiety-reduced phenotype of CRHR1loxP/loxP

CaMKIIαCre 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 (Müller et al. 2003). Thus,
CRHR1 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 CRHR1 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
knockoutmiceshowearly terminationofACTHrelease, suggesting thatCRHR2
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, thesechanges inHPAresponses to stress suggest thatCRHR1
and CRHR2 act in an antagonistic manner: CRHR1 activates and CRHR2 atten-
uates the stress response. It has been suggested that UCN and the CRH2α recep-
tor may represent an “antiparallel” stress system to the CRH/CRHR1 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 CRHR1 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
V1b 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., V1a
and V1b (Barberis and Tribollet 1996; Hernando et al. 2001). To further elu-
cidate the role of V1b receptors, null mutant mice were generated. These V1b
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 V1a 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 V1a



130 M.E. Keck and M.B. Müller

receptor subtype might be more important. With respect to HPA system regu-
lation, basal and stress-induced plasma corticosterone concentrations showed
no difference between V1b 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, V1b 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),



Mutagenesis and Knockout Models: Hypothalamic–Pituitary–Adrenocortical System 131

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 (GRNesCre) display several symptoms
characteristic of patients suffering from Cushing’s syndrome, a disease char-
acterized by elevated levels of glucocorticoids. In GRNesCre 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-
imersorheterodimers (togetherwithaMRmolecule) topositiveornegativeGC
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, dataonconditional overexpressionofGRunder thebrain-region specific
promoter calcium–calmodulin-dependent kinase IIα (CaMKIIα) 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 V1a and receptor V1b 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.
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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
ofdepression, andonestudyalsoprovidedevidence for reducedanxiety levels.Micedeficient
in SP and NKA behaved similarly as the NK1R 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-NH2 (Severini et al. 2002).

Tachykinin peptides are encoded by the two genes tac1 and tac2. The tac1
gene encodes SP and NKA, while the tac2 gene encodes NKB. Several differ-
ent transcripts are produced from the tac1 gene by alternative splicing, and
they are translated into four distinct precursor proteins (Cooper et al. 1996).
Preprotachykinin-α or PPT-α is the least prevalent and, like PPT-δ, it can only
be processed into SP. PPT-β and PPT-γ generate SP, NKA, and elongated forms
of NKA—neuropeptide K and neuropeptide-γ. 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-
ducedSP levels in the septum, striatum,andhippocampus, andproducedacon-
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
a mediator 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 tac1 genes have been generated by
several labs. Tac1−/− 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 tac1-null mutant mouse strains have been described, orig-
inally on a mixed 129/Sv×C57BL/6J (Zimmer et al. 1998) or CD1×C57BL/6J
(Cao et al. 1998), and later another on a pure C57BL/6J genetic background
(Bilkei-Gorzo et al. 2002). The first reports (Cao et al. 1998; Zimmer et al. 1998)
showed altered pain reactivity in tac1-deficient mice. The pain sensitivity of
tac1−/− mice on a C57BL/6J×129/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).
Tac1−/− mice on the mixed C57BL/6J 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 MgSO4 or
acetic acid (Cao et al. 1998). These stimuli also induced reduced responses in
tac1−/− mice. Interestingly, Zimmer and coworkers found no difference be-
tween tac1+/+ 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 tac1−/− mice in the formalin test (Zimmer
et al. 1998). Thus, it has been suggested that SP is involved in the intensity
coding of pain.

NK1R−/− 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 NK1R−/− 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 NK1R−/− animals.

Stress-induced analgesia was also assessed in NK1R−/− mice after they were
forced to swim in either cold (4–15 ◦C) water, which induces a non-opiate, N-
methyl-d-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 tac1+/+ and tac1−/−

mice after a cold-water swim stress.
When comparing the NK1R−/− and tac1−/− pain phenotype, it is important

to remember that tac1−/− 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 NK1R 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 NK1R 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 NK1R−/− 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 Tac1 and NK1R Knockout Mice in Models of Depression

The stress-related behavior of tac1−/− mice derived from these homozygous
animals on a congenic C57BL/6J 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. Tac1−/− 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 tac1−/− 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)orMAOB(Grimsbyet al. 1997). BothMAOAandMAOBarekey enzymes
of the degradation of catecholamines. Pharmacological blockade of these en-
zymes is used clinically for the treatment of depression. Tac1−/− 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). Tac1−/− animals did not show any bulbectomy-induced hyperactivity,
and they also behaved like animals treated with antidepressant in this test.

NK1R−/− 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 NK1 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 NK1R−/− mice is not related directly to the
null mutation (Rupniak et al. 2001). Rather, desensitization of the presynap-
tic 5-HT1A 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 tac1−/− and NK1R−/− 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 Tac1 and NK1R Knockout Mice in Models of Anxiety

The behavior of tac1−/− 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
a summation 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. Tac1+/+ 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,
tac1−/− mice spent 13.6% of their activity in the central area (Bilkei-Gorzo et al.
2002). The increased central activity of the tac1−/− mice indicates that the test
situation was anxiogenic for tac1+/+ 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). Tac1−/− mice began
to eat significantly faster than tac1+/+ mice, thus indicating again a reduced
state of anxiety in the absence of SP (Bilkei-Gorzo et al. 2002).

Tac1−/− 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). Tac1−/− mice were more active in the open areas and showed
fewer stretch-attend postures than tac1+/+ 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 tac1−/− 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 tac1−/− mice were
less anxious than tac1+/+ 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 NK1R−/− mice were less aggressive than
NK1R+/+ 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
foundnoanxiety-relatedphenotype in this strain.Wildtypeandknockoutmice
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 NK1R−/− 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 NK1R−/− 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
NK1 receptor). Altogether, the experiments with NK1R−/− 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-
sionof feedingparadigms.Moreover, theNK1receptor antagonistRP67580was
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 NK1R knockouts. Plasma
corticosterone levels were elevated after the plus-maze test in NK1R+/+ mice,
but less so in NK1R−/− 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/Sv×C57BL/6J 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 NK1R+/+ and NK1−/− 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
(tac1−/− mice; Bilkei-Gorzo et al. 2002) or the receptor (NK1R−/− mice; Rupniak
et al. 2000, 2001) in animal models of anxiety, we find consistently lower levels
in tac1−/− mice, while only one study (Santarelli et al. 2001) found an anxiety-
related phenotype in NK1R−/− 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 NK1R−/− 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
tac1−/− 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 tac1-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/NK1 system
on anxiety level

Model Intervention Species Anxiety
level

Reference(s)

Knockout NK1 gene deletion C57×129
mice

No change De Felipe et al. 1998;
Murtra et al. 2000;
Rupniak et al. 2001

NK1 gene deletion 129 mice Decreased Santarelli et al. 2001

Tac1 gene deletion C57BL/6J
mice

Decreased Bilkei-Gorzo et al.
2002

Treatment GR73632 (i.c.v.) Guinea pig Increased Kramer et al. 1998

with SP local (ventr. pallidum.) Rat Decreased Nikolaus et al. 1999

agonist SP local (ventr. pallidum.) Rat Dose-
dependent
effect

Hasenohrl et al. 1998

SP local (PAG) Rat Dose-
dependent
effect

Aguiar et al. 1996

SP local (septal n.) Rat Increased Gavioli et al. 1999

SP fragments local (PAG) Rat Fragment
dependent

De Araujo et al. 1999

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 Echeverry et al. 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
(amygdala)

Guinea pig Decreased Boyce et al. 2001

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
tac1 and NK1R gene deletions could directly modulate stress-related behaviors
through an altered SP/NK1 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 NK1R 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/NK1R 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 tac1-derived neuropeptides, play
amajor role instress responses, anxiety, anddepression.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
et al. 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
study

Comparison Number of studies Average
relative risk

Range

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)

3 OCD 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 OCD 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)
havealsobeenshowntobe familial (Fyer et al. 1995;Noyeset 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

Therehasbeenaplethoraof linkageandassociation 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 γ-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
et al. 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
et al. 1999). The single positive finding of an association between the serotonin
receptor (2A) promoter polymorphism (−438G/A) and obsessive–compulsive
disorder by Enoch et al. (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 A1 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) a lack 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 Perna et al. (1996, 1995) and Coryell
(1997) have shown that healthy relatives of probands with panic disorder have
increased sensitivity to CO2 challenge, suggesting that CO2 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
et al. (1996, 1995) have demonstrated the independence of familial aggregation
of panic and phobias. With respect to comorbidity, whereas panic disorder,
generalizedanxiety, anddepressionhavebeen 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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Table 2 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-
set MDD

145 6–29 1.3 Warner et al. 1995

Agor Agor/Panic – 43 8–24 – Capps et al. 1996

Agor/OCD Dysthymia – 43 7–12 4.8 Turner et al. 1987

Panic/Social
Phobia

Alcohol or
Drugs

Substance
+Anxiety

192 7–17 2.0 Merikangas et al. 1998

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
et al. 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-HT1A 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 γ-aminobutyric acid
HPA Hypothalamic–pituitary–adrenocortical
i.c.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 γ-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-HT1A 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-
deficiencyand long-termadministrationofaCRH1antagonist) result inaltered
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 (Dahlström and Fuxe 1964; Steinbusch 1981), can be neuroanatom-
ically divided in a rostral and a caudal group (Jacobs and Azmitia 1992;
Törk 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
et al. 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
et al. 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
CRH1 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
studiedduring twoconditions: the invivofiring rateunderhalothaneanaesthe-
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-
sult in 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
et al. 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 theanaesthesia in the invivoandtheabsenceof 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 of 0.1–10 ng, but results in an activation of such neurones at
a dose 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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3.3
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 µg) 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 µg 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 d-Phe-CRH12–41 (a non-specific CRH receptor antagonist) and the CRH1 an-
tagonist CP-154,526 (moderately) decrease extracellular levels of 5-HT in the
rat hippocampus (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



Interactions Between Corticotropin-Releasing Hormone and Serotonin 189

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 µg) were found to decrease extracellular levels of 5-HT.
Higher doses of CRH (1.0 and 3.0 µg) 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-HT1A 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
compoundsoranxietyprofilesofmutantanimalsmakeuseof innate fearand/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-HT1A 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-CRH12–41 (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

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 d-Phe-CRH12–41 (5 µg). #,
p<0.05 as compared to non-diving saline-pretreated rats; §, p<0.05 as compared to diving d-
Phe-CRH12–41-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 inhippocampal 5-HT levelsofmaximally140%–240%ofbaseline (Peñalva
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 d-Phe-CRH12–41, 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
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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
seemsto influence theoutcomeof the5-HTresponse, albeit inabrainstructure-
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, theavailabledata showthat electric shock induces anactivation
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.
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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-HT1A receptor agonist 8-OH-DPAT
(Van Gaalen et al. 2002). Hence, with presynaptic 5-HT1A receptor functioning
intact, postsynaptic 5-HT1A 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 CRH1 (Peñalva 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 (Peñalva 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-termtreatment (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 C57Bl6/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 CRH2. 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, thepicture is far fromcomplete at themoment. 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.Byapplying rapid sampling techniquesoverextendedperiods, suchstud-
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-d-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
et al. 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 viewposits that theamygdala canmodulate the strengthofmemory 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
γ-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 inhibitoryavoidance trainingenhancesmemoryconsolidation, 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 onmemory consolidation.ActivationofCRHreceptors in theBLA
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 β-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, β-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 β-receptor an-
tagonists impair reconsolidation (Przbyslawski et al. 1997, 1999). The effect of
the β-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 β-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 β-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 toachieveanadequate levelof activationof themPFCafter 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 α1, α2, β1, and β2 subtypes.

Chronic therapy with antidepressants results in adaptive receptor alter-
ations in the noradrenergic system. Three genes code for the expression of α1
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 α1A-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 α1-adrenergic agonists (such as aggres-
siveness and hyperexploration) as well as increasing agonist-binding affinity
for α1-adrenoreceptors.

Electrophysiological studies in the hippocampus also support enhanced α1
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 α1-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 α2 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 α2 antagonist idazoxan appeared to have antide-
pressant effects equal to bupropion (Grossman et al 1999). Upregulation of
immunolabeled α2A 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 α2 receptor
may act as a “suppressor of depression,” Knockout of the gene for the α2
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 α2C receptors
perform on the forced swim test in the same fashion as mice treated with
antidepressants (Sallinen et al. 1999). Thus, the α2A and the α2C 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
et al. 2001). If reducing α2C activity is to be used as an antidepressant strategy
it may require some method of targeting only those receptors in the CNS,
since an α2CDel322–325 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 α2A 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 β-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 β-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 disordersa

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 − −

IncreasedplasmaNEwith traumatic reminders/panic attacks + +/−

Increased orthostatic heart rate response to exercise + +

Decreased binding to platelet α2 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 + +

a 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 α2
receptor and cyclic adenosine 39,59-monophosphate (cAMP) function in pa-
tients with PTSD. Decreases in platelet adrenergic α2-receptor number (Perry
et al. 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 α2 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 α2-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 α-adrenoceptors is normal
in social phobic patients (Stein et al. 1993). The growth hormone response to
intravenous clonidine (a marker of central α2-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 fromtheVietnamTwinRegistry reported that inherited 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 D2 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 α2C 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 functionand increased fear andanxietybehaviors, exhibit increasedamyg-
dala neuronal activity in response to fear-inducing stimuli (Hariri et al. 2002;
Garpenstrand et al. 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 GABAA 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 GABAA 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
et al. 2002;Klausberger et al. 2003).Theactivityof these interneurons is thought
to set the spatio-temporal conditions required for different patterns of network
oscillations that may be critical for information processing (O’Keefe and Recce
1993; Skaggs et al. 1996; Paulsen and Moser 1998; Engel et al. 2001; Harris et al.
2002; Mehta et al. 2002; Traub et al. 2002; Klausberger et al. 2003).

For instance, cortical interneuron networks may generate both slow and
fast cortical oscillatory activity (Whittington et al. 1995, 1997; Buhl et al. 1998;
Fisahn et al. 1998; Penttonen 1998; Zang et al. 1998; Traub et al. 2002). Sim-
ilarly, inhibitory neurons of the thalamic reticular and perigeniculate nuclei
generate the synchronized activity of thalamocortical networks (McCormick
and Bal 1997). Furthermore gamma oscillations (30–100 Hz) occur in various
brain structures and can occur over large distances. They could, therefore,
provide a substrate for “binding” together spatially separated areas of cor-
tex, a hypothetical process whereby disparate aspects of a complex object, for
example, are combined to form a unitary perception of it (Traub et al. 1996;
Laurent 1996; Engel et al. 2001; Singer and Gray 1995). In addition the activ-
ity of interneurons sets the spatio-temporal conditions required for synaptic
plasticity as shown most clearly for hippocampus-dependent learning and
memory (O’Keefe and Nadel 1978; O’Keefe and Reece 1993; Paulsen and Moser
1998; Csicsvari et al. 1999; Miles 2000; Maccaferri et al. 2000; Burgess et al.
2002; Brun et al. 2002).

1.1
Diversity of Interneurons

To achieve a strict time control of principal cells, GABAergic interneurons
display several remarkable features. (1) Their action potential is traditionally
faster than that of pyramidal cells and the kinetics of synaptic events that excite
inhibitory cells are faster than those that excite pyramidal cells (Martina et al.
1998; Geiger et al. 1997). (2) The GABAergic interneurons are morphologically
highly diverse, which reflects their multiple functions in neuronal networks
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(Gupta et al. 2000). (3) The interneurons show a domain-specific innervation
of principal cells. Thus, depending on the type of interneuron, particular input
domains of pyramidal cells can be selectively regulated. Similarly, the output
of pyramidal cells can be specifically regulated by axo-axonic GABAergic in-
terneurons. (4) The response properties of interneuron signalling are shaped
by the type of GABAA receptor expressed synaptically or extrasynaptically. For
instance, the soma of hippocampal pyramidal cells is innervated by two types
of basket cells. The fast-spiking parvalbumin-containing basket cells form
synapses containing α1GABAA receptors, which display fast kinetics of deac-
tivation (Nyiri et al. 2001; Klausberger et al. 2002; Freund and Buzsaki 1996;
Pawelzik et al. 2002). In contrast, the synapses of the regular-spiking cholecys-
tokinin (CCK)-positive basket cells contain α2GABAA receptors, which display
slower kinetics than α1 receptors (Nyiri et al. 2001; Brussaard and Herbison
1997; Hutcheon et al. 2000; Jüttner et al. 2001; Vicini et al. 2001). Axon initial
segments of principal cells also contain α2 receptors, which appear to be ki-
netically sufficient for simple on/off signalling. Furthermore, distinct GABAA
receptors are segregated to synaptic and extrasynaptic membranes (Nusser
et al. 1998; Fritschy and Brünig 2003). Thus, functionally specialized interneu-
rons operate with the kinetically appropriate GABAA receptor subtypes to
regulate network behaviour (Figs. 1 and 2). Since GABAergic interneurons are
operative throughout the brain, a highly diverse repertoire of GABAA receptors
is required.

Fig. 1 Scheme of GABAergic synapse, depicting major elements of signal transduction. The
GABAA receptors are heteromeric membrane proteins that are linked, by a yet-unknown
mechanism, to the synaptic anchoring protein gephyrin and the cytoskeleton (Sassoe-
Pognetto et al. 2000; Fritschy and Brünig 2003)
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Fig. 2 Variation in kinetic properties of recombinant GABAA receptor subtypes. Decay
kinetics (Gingrich et al. 1995), desensitization kinetics (Tia et al. 1996) and sensitivity to
cAMP-induced phosphorylation (McDonald et al. 1998) vary with the subunit composition

1.2
Retrograde Regulation of GABAergic Interneurons

Retrograde signalling adds another level of complexity to the regulation of
interneuron activity. The terminals of CCK-positive GABAergic basket cells
in hippocampus and amygdala contain CB1-cannabinoid receptors (Katona
et al. 1999, 2001). These receptors mediate depolarization-induced suppres-
sion of inhibition (DSI) (Pitler and Alger 1994; Alger and Pitler 1995). This
phenomenon is due to endocannabinoids that emanate from the postsynaptic
cell and act as a retrograde signal (Wilson and Nicoll 2001; Maejima et al. 2001).
The depolarization of hippocampal pyramidal cells (Pitler and Alger 1992) and
of cerebellar Purkinje cells (Llano et al. 1991) results in a transient decrease in
the release of GABA from inhibitory terminals that contain CB1-receptors and
synapse onto the depolarized cells (Vincent and Marty 1993; Pitler and Alger
1994; Alger and Pitler 1995).

Both the DSI in the hippocampus (Wilson and Nicoll 2001; Maejima et al.
2001) and the cerebellum (Kreitzer and Regehr 2001a,b) are the result of
activity-dependent de novo synthesis and release of endocannabinoids from
the postsynaptic neuron. By interacting with CB1 receptors, the calcium influx
into the presynaptic terminal is reduced (Kreitzer and Regehr 2001a; Caulfield
and Brown 1992) resulting in a decrease of GABA release. Pharmacologically,
the inhibition of the degradation of anandamide resulted in a CB1 receptor-
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mediated anxiolytic response (Kathuria et al. 2003). Recently, endocannabi-
noids were shown to mediate not only transient, but also long-term changes
in inhibitory synaptic transmission. Endocannabinoid production, stimulated
through metabotropic glutamate receptor activation in hippocampal pyrami-
dal cells, caused a long-lasting reduction in GABAergic signalling onto the
pyramidal cells (Chevaleyre and Castillo 2003). A similar change in long-term
synaptic plasticity of the GABAergic system was observed in the amygdala. The
release of endocannabinoids in the basolateral amygdala contributed to the ex-
tinction of aversive memory based on a long-lasting decrease of GABAergic
signalling (Marsicano et al. 2002). Thus, CB1 receptor activation in the hip-
pocampus, amygdala and possibly other parts of the brain results in reduced
levels of anxiety. This is due to either a transient depression of GABA release or
a modulation of long-term plasticity at the respective synapses. In addition, en-
docannabinoids act as retrograde signals at excitatory glutamatergic synapses
where they mediate a depolarization-induced suppression of excitation (Kre-
itzer and Regehr 2001a) that may also contribute to their behavioural effects.

2
Diversity of GABAA Receptors

The physiological significance of the structural diversity of GABAA receptors
lies in the provision of receptors which differ in their channel kinetics, affinity
for GABA, rate of desensitization and ability for transient chemical modifica-
tion such as phosphorylation. In addition, GABAA receptor subtypes can show
a cell type-specific expression and—in the case of multiple receptor subtypes
being present in a neuron—a domain-specific location. Based on the presence
of 7 subunit families comprising at least 18 subunits in the CNS (α1–6, β1–3,
γ1–3, δ, ε, θ, ρ1–3) the GABAA receptors display an extraordinary structural
heterogeneity. Most GABAA receptors subtypes in vivo are considered het-
eropentamers composed of isoforms of α, β and γ subunits (Fig. 1; for review
Barnard et al. 1998; Whiting et al. 2000; Sieghart and Sperk 2002; Möhler et al.
2000, 2002; Möhler 2001, 2002; Fritschy et al. 2004).

2.1
Diazepam-Sensitive GABAA Receptors

Receptors containing the α1, α2, α3 or α5 subunit in combination with any of
the β-subunits and the γ2 subunit are most prevalent in the brain (Fig. 3). These
receptors are sensitive to benzodiazepine modulation. The major receptor
subtype is assembled from the subunits α1β2γ2, with only a few brain regions
lacking this receptor (granule cell layer of the olfactory bulb, reticular nucleus
of the thalamus, spinal cord motoneurons) (Fritschy and Mohler 1995; Pirker
et al. 2000; Fritschy and Brunig 2003) (Table 1).
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Fig. 3 GABAA receptor subtypes and the regulation of behaviour. The four classes of
diazepam-sensitive GABAA receptors, visualized immunohistochemically, show distinct
expression patterns. Distinct pharmacological functions (α1, α2, α3 receptor subtypes) and
physiological functions (α5 receptor subtype) are indicated

Receptors containing the α2 or α3 subunit are considerably less abundant
andarehighly expressed inbrainareaswhere theα1 subunit is absentorpresent
at low levels (Table 1). The α2 and α3 subunits are frequently coexpressed with
the β3 and γ2 subunits; this is particularly evident in hippocampal pyramidal
neurons (α2β3γ2) and in cholinergic neurons of the basal forebrain (α3β3γ2).
The α3 GABAA receptors are the main subtypes expressed in monoaminer-
gic and basal forebrain cholinergic cells (Gao et al. 1993) and are, in addi-
tion, strategically located in the thalamic reticular nucleus for modulating the
thalamo–cortical circuit (Huntsmann et al. 1999). Marked differences in desen-
sitization kinetics have been reported between synaptic α2 and extrasynaptic
α3 receptors whereby the latter desensitize very slowly (Devor et al. 2001). The
factors regulating GABAA receptor kinetics at synaptic and extrasynaptic sites
are yet unknown (Moss and Smart 2001). The ligand-binding profile of the α2
and α3 receptors differs from that of α1β2γ2 by having a considerably lower dis-
placing potency for ligands such as βCCM, CL 218,872 and zolpidem (Table 1).

Receptorscontaining theα5 subunit areofminorabundance in thebrain (Ta-
ble 1) but are expressed to a significant extent in the hippocampus, where they
comprise 15%–20% of the diazepam-sensitive GABAA receptor population,
predominately co-assembled with the β3 and γ2 subunits. Pharmacologically,
the α5 receptors are differentiated from α1β2γ2, α2β3γ2 and α3β3γ2 receptors
by a lower affinity to CL 218, 872 and near-insensitivity to zolpidem (Table 1).
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The subunits γ1 and γ3 characterize a small population of receptors that
contain various types of α- and β-subunits. Due to their reduced affinity for
the classical benzodiazepines, these receptors do not appear to contribute to
any great extent to benzodiazepine pharmacology in vivo.

2.2
Diazepam-Insensitive GABAA Receptors

GABAA receptors that do not respond to clinically used ligands of the ben-
zodiazepine site such as diazepam, flunitrazepam, clonazepam, and zolpidem
are of low abundance in the brain and are largely characterized by the α4 and
α6 subunits (Table 1). Receptors containing the α4 subunit are generally ex-
pressed at very low abundance but more prominently in thalamus and dentate
gyrus (Pirker et al. 2000); those containing the α6 subunit are restricted to
the granule cell layer of the cerebellum (about 30% of all GABAA receptors
in the cerebellum; Nusser et al. 1996b). Both receptor populations are struc-
turally heterogeneous, and the majority of the α6-containing receptors are of
the α6β2γ2 combination (Table 1). The benzodiazepine-site profile of α4 and α6
receptors is characterized by a low affinity for flumazenil and bretazenil, and
a switch in the efficacy of Ro 15-4513 from an inverse agonist to an agonist. The
δ-subunit is frequently co-assembled with the α4 or the α6 subunit in benzodi-
azepine insensitive receptors (Möhler et al. 2000; Whiting et al. 2000; Möhler
2001). Receptors containing the δ-subunit are located exclusively at extrasy-
naptic sites as shown in dentate gyrus and cerebellum. They are tailor made for
tonic inhibition, due to their high affinity for GABA and slow desensitization
kinetics (Brickley et al. 1996; Mody and Nusser 2000; Brickley et al. 2001).

In the retina, homomeric receptors consisting of the ρ-subunit represent
a particular class of GABA-gated chloride channels. Their GABA site is insensi-
tive to bicuculline and baclofen and they are not modulated by barbiturates or
benzodiazepines. Due to these distinctive features, the receptors are sometimes
termed GABAC receptors (Bormann 2000), although they are be considered
a homomeric class of GABAA receptors (Barnard et al. 1998).

3
Pathophysiology of the GABA System

If the balance between excitatory and inhibitory activity is shifted phar-
macologically in favour of GABAergic transmission, then anxiolysis, seda-
tion, amnesia and ataxia arise. On the other hand, an attenuation of the
GABAergic system results in arousal, anxiety, restlessness, insomnia, exag-
gerated reactivity and even seizures. These pharmacological manifestations
point to the contribution of inhibitory neurotransmission to the pathophysi-
ology of brain disorders. A GABAergic deficit is particularly apparent in anx-
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iety disorders, epilepsy and schizophrenia (Olsen and DeLorey 1999; Mohler
2002).

3.1
Anxiety Disorders

Anxiety disorders have a high prevalence and are the most common cause of
medical intervention in primary care (Weiller et al. 1998). The pharmacol-
ogy of the GABA system supports the view that GABAergic dysfunctions are
causally related to symptoms of anxiety. For instance, pentylenetetrazole acts
byblockingGABAA receptor functionandproducesextremeanxiety, traumatic
memories and extreme avoidance behaviour when used clinically (Kalueff and
Nutt 1997). Conversely, enhancing GABAergic transmission, e.g. by benzodi-
azepines, is a powerful mechanism to inhibit the experience of anxiety and its
aversive reinforcement.

Neuroimaging has given fresh insight into the role of GABAergic inhibition
in anxiety disorders. In a recent positron emission tomography (PET) study
using 11C-flumazenil, a significant global reduction in flumazenil binding to
GABAA receptors was apparent throughout the brain in patients with panic
disorder (Malizia et al. 1998). The greatest decrease observed occurred in areas
thought to be involved in the experience of anxiety such as the orbitofrontal
and temporal cortex. Single photon emission computed tomography (SPECT)
studies, using the related radioligand 123I-iomazenil, have shown similar de-
creases in binding (Malizia 1999). A localized reduction in benzodiazepine
binding in the temporal lobe has also been reported in generalized anxi-
ety disorders (Tiihonen et al. 1997). Furthermore, using magnetic resonance
spectroscopy, decreased cortical levels of GABA were observed in patients with
panic disorders (Goddard et al. 2001). These findings are consistent with the
view that at least some anxiety disorders are linked to a defective GABAergic
neuroinhibitory process (Nutt and Malizia 2001).

Anxiety in man frequently arises at the interface between a genetic predis-
position and experience. Recently, the hypothesis was tested whether a partial
GABAA receptor deficit would be sufficient to generate an anxiety state. Using
molecular biological techniques the GABAA receptor deficit seen in patients
with anxiety disorders was reproduced in an animal model (Crestani et al.
1999). The γ2 subunit of the GABAA receptor is known to anchor the receptors
in the subsynaptic membrane. By reducing the gene dosage for the γ2-subunit
in mice—heterozygosity for the γ2-subunit gene—the synaptic clustering of
GABAA receptors was reduced. Apartial receptor deficit was apparent through-
out most of the brain including the areas that are known to be involved in the
processing of anxiety responses, such as the cerebral cortex, amygdala and
hippocampus. The animals behaved normally in a wide range of behavioural
tests except when exposed to aversive situations caused by either natural or
conditioned fear stimuli. Under such conditions enhanced anxiety responses
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and a bias for threat cues were observed (Crestani et al. 1999). The bias of
the animals for threat cues was especially significant, since this behaviour
corresponds to the cognitive deficit contributing to the inability of anxious in-
dividuals to distinguish an ambiguous from a threatening situation (Eysenck
1992). Thus, a GABAA receptor deficit is considered a predisposition for anx-
iety disorders in humans. Anxiety symptoms are a sensitive manifestation of
an impaired GABAergic neurotransmission (Nutt and Malizia 2001; Crestani
et al. 1999; Möhler 2002).

3.2
Epilepsy

Genetic evidence has provided the most direct link of epilepsy to GABAA re-
ceptor dysfunction. A K289M mutation located in the extracellular loop of
the γ2-subunit was associated with generalized epilepsy with febrile seizures
(Baulac et al. 2001). Another mutation in the γ2 subunit of the GABAA receptor
was linked to childhood absence epilepsy and febrile seizures with a conserved
arginine residue being mutated to glutamine (R43Q) (Wallace et al. 2001). How-
ever, since childhood absence epilepsy is not inherited in a simple Mendelian
manner, the latter point mutation is not considered sufficient (by itself) to cause
this phenotype. Furthermore, a single nucleotide exchange at the splice donor
site of intron 6 of the γ2 subunit (Kananura et al. 2002), resulting most likely in
a non-functional allele, was associated with childhood absence epilepsy and
febrile seizures. Finally, a loss-of-function mutation of the α1GABAA receptor
(A322D) was found in a family with an autosomal dominant form of juvenile
myoclonic epilepsy (Cossette et al. 2002). The functional consequence of the γ2
mutations K289M and R43Q are controversial (Bianchi et al. 2002).

In temporal lobe epilepsy profound changes in GABAA receptor expres-
sion have been observed in patients and animal models (Olsen and DeLorey
1999; Coulter 2001; Treimann 2001; Snead et al. 1999). While the extensive cell
loss in CA1 is accompanied with a loss of GABAA receptors, receptor staining
is increased in the surviving neurons with subtype-specific changes in their
subcellular distribution (Loup et al. 2000). In a recent mouse model, the cel-
lular pathophysiology of human temporal lobe epilepsy is largely reproduced
(Bouilleret et al. 1999; Riban et al. 2002; Bouilleret et al. 2000). A marked in-
crease in α1, α2, α5 and γ2 subunit immunoreactivity was found pointing to
a potential sprouting of GABAergic axons in the epileptic dentate gyrus.

Finally, interictal activity in human temporal lobe epilepsy was associated
with depolarizing GABAergic synaptic events at pyramidal cells (Cohen et al.
2002). Indeed, under certain circumstances, GABA responses can be depolar-
izing and facilitate action potential generation (Gulledge and Stuart 2003). The
depolarizing GABA response appears to be due to the very negative resting
potential of the particular cells and not due to a change in chloride gradient
(Stein and Nicoll 2003). These new developments are of major pharmacolog-
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ical interest since approximately half the antiepileptic drugs in clinical use
are thought to owe their efficacy either totally or partially to potentiating
GABAergic inhibitory effects (Meldrum and Whiting 2001).

3.3
Schizophrenia

Alterations in cortical GABAergic systems have been reported in post-mortem
brain of schizophrenic patients, including reduced uptake and release of GABA
and a reduced activity of glutamic acid decarboxylase. Most conspicuously,
the axon terminals of GABAergic chandelier neurons were altered in the pre-
frontal cortex, as shown by a 40% decrease of GABA-transporter 1 (GAT-1)
staining (Woo et al. 1998). Chandelier neurons innervate the axon initial seg-
ments of pyramidal cells. They are therefore strategically positioned to pow-
erfully regulate the excitatory output of these cells and consequently affect the
pattern of neuronal activity in the prefrontal cortex and its projection areas
(Woo et al. 1998). A compensatory upregulation of α2GABAA receptor in the
axon initial segment of pyramidal cells of patients was observed, pointing to
a synapse-specific deficit of GABAergic transmission in schizophrenia (Volk
et al. 2002). Altered ratios of subunit splice variants of GABAA receptors were
also found in prefrontal cortex of schizophrenics (Huntsman et al. 1998). In
addition, benzodiazepine receptor inverse agonists are associated with psy-
chotogenic effects (Sarter et al. 2001). Furthermore, in primate brain, D4
dopamine receptors (a member of the D2 receptor family with a high affin-
ity for clozapine) modulate GABAergic interneurons in critical brain areas
(cerebral cortex, hippocampus, thalamic reticular nucleus, globus pallidus).
Thus, the beneficial effects of clozapine in schizophrenia may be achieved, in
part, through D4-mediated GABA modulation (Mrzljak et al. 1996). Finally,
GABAergic neurons have been found to be especially vulnerable to glucocor-
ticoid hormones and to glutamatergic excitotoxicity, which may explain the
increased number of certain glutamatergic neurons in, for example, the cingu-
late gyrus of schizophrenic brains. This, in conjunction with a postulated role
of stress in the pathogenesis of schizophrenia, would strengthen the assump-
tion of an important role of a GABAergic deficit in schizophrenia (Carlsson
et al. 2001). A GABAergic dysfunction that might arise in the course of the
disorder may result in long-lasting and perhaps lifelong sensitivity changes.

4
Pharmacology of GABAA Receptor Subtypes

The pharmacological relevance of GABAA receptor subtypes for the spec-
trum of benzodiazepine effects was recently identified based on a genetic
approach (Rudolph et al. 1999, 2001; Löw et al. 2000; McKernan et al. 2000;
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Whiting et al. 2000; Möhler 2002; Möhler et al. 2002; Whiting 2003). Experi-
mentally, the GABAA receptor subtypes were rendered diazepam-insensitive
by replacing a conserved histidine residue with an arginine residue in the re-
spective α-subunit gene [α1(H101R), α2(H101R), α3(H126R) and α5(H105R)]
(Rudolph et al. 1999; Löw et al. 2000). This strategy permitted the allocation
of the benzodiazepine drug actions to the α1, α2, α3 and α5 GABAA receptor
subtypes (Rudolph et al. 2001; Crestani et al. 2002). In addition, it implicated
the neuronal networks expressing the particular receptor in mediating the
corresponding drug actions.

4.1
Receptor for Sedation

Among α1-, α2- and α3-point-mutated mice, only the α1(H101R) mutants
were resistant to the depression of motor activity by diazepam and zolpidem
(Rudolphet al. 1999; Löwet al. 2000;Crestani et al. 2000).This effectwas specific
for ligands of the benzodiazepine site, since pentobarbital or a neurosteroid
remained as effective in α1(H101R) mice as in wild-type mice in inducing
sedation. An α1(H101R) mouse line was also generated by McKernan et al.
(2000), confirming that sedation is linked to α1 GABAA receptors and differs
mechanistically from the anxiolytic action of benzodiazepines.

4.2
Receptor for Amnesia

Anterograde amnesia is a classical side-effect of benzodiazepine drugs. The
memory impairing effect of diazepam, analysed in a step-through passive
avoidance paradigm, was strongly reduced in the α1(H101R) mice compared
to wild-type mice (Rudolph et al. 1999). This effect was not due to a potential
nonspecific impairment, since the ability of a muscarinic antagonist to induce
amnesia was retained in the α1(H101R) mice. These results demonstrate that
the diazepam-induced anterograde amnesia is mediated by α1 receptors.

4.3
Receptor for Protection Against Seizures

The anticonvulsant activity of diazepam, assessed by its protection against
pentylenetetrazole-induced tonic convulsions, was strongly reduced in α1-
(H101R) mice compared to wild-type animals (Rudolph et al. 1999). Sodium
phenobarbital remained fully effective as anticonvulsant in α1(H101R) mice.
Thus, the anticonvulsant activity of benzodiazepines is partially but not fully
mediated by α1 receptors. The anticonvulsant action of zolpidem is exclusively
mediated by α1 receptors, since its anticonvulsant action is completely absent
in α1(H101R) mice (Crestani et al. 2000).
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4.4
Receptor for Anxiolysis

New strategies for the development of daytime anxiolytics that are devoid of
drowsiness and sedation are of high priority. Experimentally, the anxiolytic-
like action of diazepam is due to the modulation of α2 GABAA receptors as
shown by the lack of tranquillizing action of diazepam in α2(H102R) mice
(elevated plus maze; light/dark choice test). The α2 GABAA receptors, which
comprise only about 15% of all diazepam-sensitive GABAA receptors, are
mainly expressed in the amygdala and in principal cells of the cerebral cortex
and the hippocampus, with particularly high densities on their axon initial
segments (Nusser et al. 1996a; Fritschy et al. 1998a,b). Thus, the inhibition of
the output of these principal neurons appears to be a major mechanism of
anxiolysis.

It had previously been postulated that the anxiolytic action of diazepam is
based on the dampening of the reticular activating system, which is mainly
represented by noradrenergic and serotonergic neurons of the brain stem.
These neurons express exclusively α3 GABAA receptors. The analysis of the
α3 point-mutated mice [α3(H126R)] indicated that the anxiolytic effect of
benzodiazepine drugs was unaffected (Löw et al. 2000). The reticular activating
system therefore does not appear to be a major contributor to anxiolysis. The
role of α3 GABAA receptors remains to be identified.

4.5
Receptor for Myorelaxation

The muscle relaxant effect of diazepam is largely mediated by α2 GABAA
receptors, as shown by the failure of diazepam to induce changes in muscle
tone in the α2 point-mutated mouse line (Crestani et al. 2001). α2 GABAA
receptors in the spinal cord, notably in the superficial layer of the dorsal horn
and in motor neurons (Bolhalter et al. 1996), are most likely implicated in
this effect. The muscle-relaxant effect requires considerably higher doses of
diazepam than its anxiolytic-like activity, which is mediated by α2 GABAA
receptors located in the limbic system (see above). It was only at very high
doses of diazepam that α3 and α5 GABAA receptors were also implicated in
mediating myorelaxation (Crestani et al. 2001; Crestani et al. 2002).

4.6
Receptor for Associative Learning and Memory

The acquisition of spatial and temporal memory is associated with excitatory
synaptic plasticity involving hippocampal N-methyl-d-aspartate (NMDA) re-
ceptors (Morris et al. 1986, 1989; Davis et al. 1992; McHugh et al. 1996; Tsien
et al. 1996; Huerta et al. 2000; Nakazawa et al. 2002; Tang et al. 1999). Recently,
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an additional GABAergic control component became apparent involving α5
GABAA receptors.

The α5 GABAA receptor subtype has a privileged site of expression on
hippocampal pyramidal cells, being located extrasynaptically at the base of
the spines that receive the excitatory input and on the adjacent shaft of the
dendrite (Fritschy et al. 1998b, Crestani et al. 2002). The α5 GABAA receptors
were therefore considered able to modulate the transduction of the signal
arising at excitatory synapses and, by doing so, would operate as control
element of learning and memory in their own right.

Inα5(H105R)mice, thepointmutationwaswithoutmajoreffecton thephar-
macology of diazepam. Surprisingly, however, the content of α5 GABAA recep-
tors was reduced by 30%–40% exclusively in the hippocampus (Crestani et al.
2002). The remaining hippocampal α5 receptors showed a normal wild-type
distribution. There was no indication for adaptive changes of other GABAA
receptors expressed in the same pyramidal cells (Crestani et al. 2002). Be-
haviourally, the partial deficit of hippocampal α5 GABAA receptors resulted
in an improved performance in trace fear conditioning, a hippocampus-
dependent task in which a conditioned stimulus has to be memorized for
a period of time sufficiently long to be associated with an unconditioned stim-
ulus given after a silent time lag (trace of 1 s). These results pointed to a role
of α5 GABAA receptors in the function of temporal memory. When the α5
GABAA receptors were deleted in the entire brain by targeting the α5 subunit
gene (Collinson et al. 2002; Whiting 2003) a significantly improved perfor-
mance in a water maze model of spatial learning was observed. In addition,
the amplitude of hippocampal inhibitory postsynaptic potential (IPSC) was
decreased and the paired-pulse facilitation of field excitatory postsynaptic po-
tential (EPSP) amplitudes was enhanced. These data strongly suggest that α5
GABAA receptors play a crucial role in cognitive processes of hippocampal
learning and memory.

It is striking that the behavioural consequences of an impairment of α5
GABAA receptors are opposite to those of a NMDA receptor deficit. While
mice with a deficit in hippocampal NMDA receptors (NRI-CA1 knockout)
show a deficit in the formation of spatial and temporal memory (Tsien et al.
1996; Tang et al. 1999), the mice with a deficit in α5 GABAA receptors display
an improvement in hippocampal spatial and temporal memory performance.
Thus, it appears that these two receptor systems play a complementary role in
controlling neuronal processing in the hippocampus.

5
Novel Subtype Selective Benzodiazepine Site Ligands

Among the clinically used ligands of the benzodiazepine site, only the hypnotic
zolpidem displays a pronounced preferential subtype selectivity (Langer et al.
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1992) (Table 1). Additional benzodiazepine site ligands with subtype selectivity
are under experimental or clinical investigation (Hood et al. 2000).

5.1
Hypnotics

Zaleplon This (CL284,846) is a pyrazolopyrimidine developed for the treat-
ment of insomnia (Sanger et al. 1996). At recombinant receptors, zaleplon
binds preferentially to α1 receptors (α1β2γ2) and to receptors containing the γ3
subunit, butbinds8- to20-fold less toα2,α3 andα5receptors (DämgenandLüd-
dens 1999). Thus, zaleplon is largely a ligand with preference for α1 receptors,
which is in keeping with its preponderant hypnotic activity. The contribution
of its interaction with γ3 receptors is unclear, since these receptors are of low
abundance in the brain.

5.2
Anxiolytics

L-838,417 This benzodiazepine site ligand displays a dramatic subtype selec-
tive efficacy. L-838,417 failed to modulate the GABA response at α1 receptors
but enhanced the GABA response at α2, α3 and α5 receptors (McKernan et al.
2000). L-838,417 showed a high potency in anxiolytic tests (elevated plus maze
and fear-potentiated startle) and in anticonvulsant tests [pentylenetetrazole
(PTZ), audiogenic seizures]. However, L-838,417 failed to impair the motor
performance (rotarod test, chain pulling test) (McKernan et al. 2000). Thus,
ligands with subtype-selective efficacy as factor that distinguishes α2, α3 and
α5 receptors fromα1 receptors,provideanewway todevelopselectiveanxiolyt-
ics without sedative component. A further improvement of anxiolytic efficacy
may be achieved by focusing the ligand affinity or efficacy more specifically on
α2 receptors.

SL65.1498 The pyrido-indole-4-carboxamide derivative SL65.1498 shows
higher affinity for α1, α2 and α3 GABAA receptors compared to α5 receptors.
In addition, it acts as a full agonist at α2 and α3 receptors but as partial agonist
at α1 GABAA receptors. In line with its selectivity for the activation of α2 and
α3 receptors, the compound showed potent anxiolytic action in animal models
(punished lever pressing, punished drinking, elevated plus maze, light/dark
test) but did not impair motor coordination (e.g. rotarod) or working memory
(Morris water maze) (Scatton et al. 2000).

5.3
Memory Enhancers

A deficit in α5 GABAA receptor activation is associated with an improved
hippocampal performance in temporal and spatial memory tasks (see above)
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and can conceivably be mimicked pharmacologically. Partial inverse agonists
binding with preferential affinity to the α5 GABAA receptors would be expected
to enhance hippocampus-dependent learning and memory functions. Indeed,
a α5 partial inverse agonist from a 6,7-dihydro-2-benzothiophen-4-ones series
enhanced the cognitive performance in a water maze test without proconvul-
sant or convulsant activity (Chambers et al. 2003; Whiting 2003). Such ligands
open new avenues for the treatment of memory disorders.
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Abstract In recent years great progress has been made in understanding the function of
ionotropic and metabotropic glutamate receptors; their pharmacology and potential ther-
apeutic applications. It should be stressed that there are already N-methyl-d-aspartate
(NMDA) antagonists in clinical use, such as memantine, which proves the feasibility of their
therapeutic potential. It seems unlikely that competitive NMDA receptor antagonists and
high-affinity channel blockers will find therapeutic use due to limiting side-effects, whereas
agents acting at the glycineB site, NMDA receptor subtype-selective agents and moderate-
affinity channel blockers are far more promising. This is supported by the fact that there are
several glycineB antagonists, NMDA moderate-affinity channel blockers and NR2B-selective
agents under development. Positive and negative modulators of AMPA receptors such as the
AMPAkines and 2,3-benzodiazepines also show more promise than e.g. competitive antag-
onists. Great progress has also been made in the field of metabotropic glutamate receptors
since the discovery of novel, allosteric modulatory sites for these receptors. Selective agents
acting at these transmembrane sites have been developed that are more drug-like and have
a much better access to the central nervous system than their competitive counterparts. The
chapter will critically review preclinical and scarce clinical experience in the development
of new ionotropic and metabotropic glutamate receptor modulators according to the follow-
ing scheme: rational, preclinical findings in animal models and finally clinical experience,
where available.

Keywords Glutamate receptors · Ionotropic · Metabotropic · AMPA · NMDA · Kainate ·
Stroke · Traumatic brain injury · Alzheimer’s disease · Parkinson’s disease ·
Huntington’s disease · Amyotrophic lateral sclerosis · Anxiety · Depression · Pain ·
Schizophrenia · Drug tolerance · Drug abuse

1
Introduction

Glutamate is the principal excitatory neurotransmitter in the mammalian cen-
tral nervous system (CNS) and is involved in virtually all functions of the CNS
(Mayer and Armstrong 2004). This provides the basis, on the one hand, for
therapeutic intervention in many brain dysfunctions, but on the other hand,
for potential side-effects. After release from presynaptic terminals, glutamate
binds to both ionotropic and metabotropic receptors to mediate fast, slow,
and persistent effects on synaptic transmission and integrity (McFeeters and
Oswald 2004). Many studies have expanded the functional repertoire of glu-
tamate by showing that glutamate receptors are also present in a variety of
non-excitable cells such as astrocytes (Nedergaard et al. 2002).

Synaptic strength at glutamatergic synapses shows a remarkable degree of
use-dependent plasticity and such modifications may represent a physiologi-
cal correlate to learning and memory. Two prominent examples are long-term
potentiation (LTP) and long-term depression (LTD), whose mechanisms have
been the subject of considerable scrutiny over the past few decades. Dynamic
regulation of synaptic efficacy is thought to play a crucial role also in formation
of neuronal connections and experience-dependent modification of neural cir-
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cuitry (Lamprecht and LeDoux 2004). The rodent whisker-to-barrel system is
used as a model of activity-dependent cortical plasticity. Specialized anatom-
ical configurations called ‘barrels’ are structurally and functionally linked to
individual whiskers. Much like the reorganization of the human cortex after
amputation, peripheral injury resulting from ablation of a single whisker fol-
licle produces atrophy of the cortical barrel connected to it, and enhanced
growth of surrounding barrels. The rearrangement of synaptic connections
during normal and deprived development is though to be controlled by corre-
lations in glutamatergic afferent impulse activity (Schierloh et al. 2004).

The molecular and cellular mechanisms by which synaptic changes are trig-
gered and expressed are the focus of intense interest (Song and Huganir 2002).
Many of the proteins involved in the physiology of glutamatergic synapses have
been cloned and their functional role is currently defined. Rapid changes in
cytoskeletal and adhesion molecules after learning contribute to short-term
plasticity and memory, whereas later changes, which depend on de novo pro-
tein synthesis as well as the early modifications, seem to be required for the
persistence of long-term memory (Sheng and Kim 2002). The mechanisms of
this structural plasticity are still poorly understood, but recent findings are
beginning to provide clues (Xu-Friedman and Regehr 2004).

Various aspects of synaptic ultra structure have also been implicated in
the mechanisms of short-term plasticity (Dodt et al. 1999, 2002; Eder et al.
2003) and information gating (Govindaiah and Cox 2004) or rhythmic activity
(Hughes et al. 2004)mediatedby ionotropic andmetabotropic glutamate recep-
tors (mGluRs). There is increasing evidence that dendritic spines undergo an
activity-dependent structural remodelling and memories are created by alter-
ations in glutamate-dependent excitatory synaptic transmission on dendritic
spines (Kasai et al. 2003). The changes in synaptic transmission are initiated
by elevations in intracellular calcium and consequent activation of second
messenger signalling pathways in the postsynaptic neuron. A large family of
interacting proteins regulates glutamate receptor turnover at synapses and
thereby influences synaptic strength (Carroll and Zukin 2002). Neuronal ac-
tivity controls this highly dynamic process of synaptic receptor targeting and
trafficking. The targeting, trafficking and internalization mechanisms of glu-
tamate receptors are organized at synapses by cytoskeletal proteins containing
multiple protein-interacting domains. The physical transport of glutamate re-
ceptors in and out of the synaptic membrane contributes to several forms of
long-lasting synaptic plasticity. These modifications are then actively stabi-
lized, over hours or days, by structural changes downstream from glutamate
receptors (McGee and Bredt 2003). Recent studies demonstrate that these
‘scaffolding’ proteins within the postsynaptic specialization do not only play
a role in the synaptic delivery and maintenance of the receptor assembly but
have also the capacity to promote synaptic maturation, influence synapse size,
and modulate glutamate receptor function. Given that glutamate receptors are
widely expressed throughout the CNS, regulation of their activity-dependent
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redistribution provides a potentially important way to modulate efficacy of
synaptic transmission (Malinow and Malenka 2002; Bredt and Nicoll 2003).
Furthermore, recent results indicate that these distinct protein–protein inter-
actions may be subtly regulated by phosphorylation/dephosphorylation of the
intracellular domains of receptor subunits (Flajolet et al. 2003).

Excitatory amino acid transporters (EAATs) are the primary regulators of
extracellular glutamate concentrations in the CNS. Glutamate clearance (and
consequently glutamate concentration and diffusion in the extracellular space)
is associated with the degree of astrocytic coverage of its neurons (Oliet et al.
2001). The genes encoding glutamate transporter proteins have been cloned
both from rats and humans (Arriza et al. 1994; Malandro and Kilberg 1996).
The human transporters EAAT1 and EAAT2 (rat equivalents GLAST and GLT1)
are found in astroglia and microglia and are widely distributed in the CNS.
Human EAAT3 (rat EAAC1) is restricted to neurons but is also found outside
of the CNS. Human EAAT4 is expressed by cerebellar neurons.

The vesicular glutamate transporter (VGLUT) is responsible for the active
transport of l-glutamate in synaptic vesicles and thus is a potential marker for
the glutamatergic phenotype. VGLUT comprises three isoforms, VGLUT1, 2
and 3. Recent studies indicated that VGLUT is also expressed in non-neuronal
cells, and localized with various organelles such as synaptic-like microvesicles
in the pineal gland, and hormone containing secretory granules in endocrine
cells. l-Glutamate is stored in these organelles, secreted upon various forms
of stimulation, and then acts as a paracrine-like modulator. Thus, VGLUTs
highlight a novel framework of glutamatergic signalling and reveal its diverse
modes of action (Amara and Fontana 2002).

Under various conditions neurons can become so sensitive to glutamate
that it actually kills them (‘excitotoxicity’; Rothman and Olney 1987) through
receptor-mediated depolarization and calcium influx (Parsons et al. 1998). It
has been implied that excitotoxicity is involved in many types of acute and
chronic insults to the CNS (Choi 1995). Recent studies suggest that synaptic
N-methyl-d-aspartate (NMDA) receptors may also be involved in neuropro-
tective mechanisms (Lu et al. 2003). Disturbance of glutamate homeostasis
probably plays a pivotal role in the execution of pathological changes in many
disease states and may be triggered by a wide variety of factors that facili-
tate the neurotoxic potential of endogenous glutamate. These factors include:
increase in glutamate release, malfunctioning of neuronal and glial uptake,
energy deficits, neuronal depolarization, changes in glutamate receptor prop-
erties or expression patterns, and free radical formation (Danysz et al. 1995;
Beal 1995; Parsons et al. 1998). Such excitotoxic effects can be pronounced
during acute events, such as ischaemic stroke and trauma, or milder but pro-
longed in chronic neurodegenerative diseases such as Alzheimer’s disease,
Parkinson’s disease, Huntington’s disease and amyotrophtropic lateral scle-
rosis (ALS) (Starr 1995; Beal 1995; Plaitakis et al. 1996; Parsons and Danysz
2002). Glutamatergic dysfunction is also involved in the symptomatology of
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disorders such as schizophrenia, anxiety, and depression (Danysz et al. 1995;
Parsons et al. 1998), as well as in the development of disorders associated with
long-term plastic changes in the CNS such as chronic pain, drug tolerance, de-
pendence, addiction, partial complex seizures and tardive dyskinesia (Danysz
et al. 1995; Trujillo and Akil 1995; Dickenson 1997; Parsons et al. 1998). Both en-
vironmental and genetic glutamate receptor manipulations enhance learning
and memory (Tang et al. 2000a,b). Genetic manipulation conferring enhanced
cognitive abilities may also provide unintended traits, such as increased sus-
ceptibility to persistent pain (Tang et al. 2001).

2
Glutamate Receptors

Glutamate receptors are divided into ionotropic receptors (directly coupled to
an ion channel) and metabotropic receptors (coupled to intracellular signalling
cascades).

2.1
Ionotropic Glutamate Receptors

There are three types of ionotropic glutamate receptors: NMDA, α-amino-3-
hydroxy-5-methyl-4-isoxazoleproprionic acid (AMPA), and kainate receptors
(Fig. 1). Each is principally activated by the agonist bearing its name and
is permeable to cationic flux; hence, their activation results in membrane
depolarization. Ionotropic glutamate receptors were originally classified based
on three selective, synthetic agonists: quisqualate, kainate and NMDA. After
the discovery of metabotropic receptors, it became clear that quisqualate also
interacts with them. Since that time, quisqualate-sensitive ionotropic receptors
have been classified by the more selective agonist AMPA.

All ionotropic glutamate receptors can form heteromeric subunit assem-
blies that have different physiological and pharmacological properties and are
differentially distributed throughout the CNS (Mcbain and Mayer 1994; Danysz
et al. 1995; Parsons et al. 1998; Danysz and Parsons 1998). Both AMPA (Rosen-
mund et al. 1998) and NMDA receptors (Laube et al. 1998) are probably largely
formed from tetrameric, heteromeric assemblies of different subunits (Man-
sour et al. 2001). The four distinct subunits are believed to be topologically
arranged with three transmembrane-spanning and one pore-lining (hairpin
loop) domain (Madden 2002).

High-resolution studies of ionotropic glutamate receptor (iGluR) extracel-
lular domains are beginning to bridge the gap between structure and function.
Crystal structures have defined the ligand-binding pocket well beyond what
was suggested by mutational analysis and homology models alone, providing
initial suggestions about the mechanisms of channel gating and desensiti-
zation. Nuclear magnetic resonance (NMR)-derived backbone dynamics and
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Fig. 1 Ionotropic glutamate receptors: subtypes and sequence homology

molecular dynamics simulations have added further insights into the role of
protein dynamics in receptor function.

2.1.1
AMPA Receptors

AMPA receptors are involved in mediating most forms of fast glutamater-
gic neurotransmission. There are four known subunits, GluR1 to GluR4—
sometimes termed GluRA to GluRD—which are widely, but differentially, dis-
tributed throughout the CNS (Fig. 2; Parsons et al. 1998). The types of subunits
forming these receptors determine their biophysical properties and pharmaco-
logical sensitivity. AMPA is selective for GluR1- to GluR4-containing receptors
and induces strong desensitization. Two alternative splice variants of GluR1
to GluR4 subunits designated as ‘flip’ and ‘flop’ have been shown to differ in
their expression throughout the brain and during development and to impart
different pharmacological properties (Sommer et al. 1990; Monyer et al. 1991).

The GluR2 subunit imparts particular properties to heteromeric AMPA re-
ceptors. Receptors containing this subunit show low Ca2+ permeability, linear
current-voltage relationships and low sensitivity to block by polyamines and
spider toxins. Receptors lacking this subunit show relatively high Ca2+ perme-
ability (Burnashev 1996), strong rectification, i.e. non-linear current-voltage
relationships (Verdoorn et al. 1991) mediated by channel blockade via intracel-
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Fig. 2 Schematic of AMPA receptor pharmacology, subtypes and topology

lular polyamines such as spermine (Bowie and Mayer 1995), and are sensitive
to block by toxins such as Joro spider toxin, philanthotoxin-343 and argiotoxin-
636 (seeParsons et al. 1998).TheGluR2 subunit showsdevelopmentallydistinct
edited and unedited—posttranslational modified protein—forms (Burnashev
1996), and it is the presence of a positively charged arginine (R) residue in the
second membrane-inserted segment (MIS, position 586) of edited receptors
that renders them Ca2+ impermeable. Unedited homomeric GluR2 receptors
are also much more sensitive to the positive modulatory effects of cycloth-
iazide. Cyclothiazide is a selective positive modulator of AMPA receptors,
whereas concanavalin-A is much more effective on kainate-preferring recep-
tors. 2,3-Benzodiazepines, such as GYKI 52466, are non-competitive AMPA
receptor antagonists and are much less active at kainate receptors (Bleakman
et al. 1996). Although the 2,3-benzodiazepines and cyclothiazide show strong
allosteric interactions, it is now clear that these effects are mediated at different
recognition sites (Rammeset al. 1996, 1998). Ingeneral,AMPAreceptorflip iso-
forms show somewhat slower desensitization kinetics and are more sensitive to
the positive modulatory effects of cyclothiazide. Glutamate receptors form ‘hot
spots’ on the apical dendrite of neocortical neurons of the rat (Frick et al. 2001).
Along this structure AMPA and NMDA receptors are differentially distributed.

Ca2+-permeable receptors are most prominent at early stages of develop-
ment and show a much more limited distribution in the adult brain (Pellegrini-
Giampietro et al. 1992).There are some indications thatCa2+-permeableAMPA
receptors are expressed at higher levels under certain pathological conditions
such as global ischaemia (Goldberg et al. 1996). However, they also play an
important physiological role on inhibitory γ-aminobutyric acid (GABA) in-
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terneurons, and selective blockade could lead to excitotoxicity via disinhibi-
tion (Racca et al. 1996). Moreover, Ca2+-permeable AMPA receptors seem to
have an important role for correct structural and functional relations between
Bergman glia and glutamatergic synapses in the cerebellum, such as the re-
moval of synaptically released glutamate (Iino et al. 2001). Selective antagonists
proved to be useful in the prevention and treatment of a variety of neurological
and non-neurological diseases (Gitto et al. 2004).

2.1.2
AMPA Receptor-Positive Modulators

Cyclothiazide is a positive modulator of AMPA receptors that potentiates
agonist-induced currents by reducing or essentially eliminating desensitiza-
tion (Service 1994; Fricker 1997; Yamada 1998). Such findings underlie the
hypothesis that prolongation of AMPA–EPSC decay by inhibition of AMPA
receptor desensitization might increase the ability of synaptically released glu-
tamate to depolarize target neurons sufficiently to remove the Mg2+ blockade
of NMDA receptors and thus facilitate the induction of LTP and learning. More
recent data indicate that cyclothiazide also prolongs AMPA receptor deactiva-
tion kinetics, i.e. decreases current decay after agonist removal (Rammes et al.
1996, 1998) and this mechanism has been suggested to be more important for
AMPA receptor-positive modulators (Yamada 1998; see Rammes et al. 1999).

2.1.3
Kainate Receptors

Physiological studies have identified both post- and presynaptic roles for
ionotropic kainate receptors. Kainate receptors contribute to excitatory post-
synaptic currents in many regions of the CNS including hippocampus, cortex,
spinal cord and retina. In some cases, postsynaptic kainate receptors are co-
distributed with AMPA and NMDA receptors, but there are also synapses
where transmission is mediated exclusively by postsynaptic kainate recep-
tors: for example, in the retina at connections made by cones onto off bipolar
cells. Extrasynaptically located postsynaptic kainate receptors are most likely
activated by ‘spill-over’ glutamate (Eder et al. 2003). Modulation of transmit-
ter release by presynaptic kainate receptors can occur at both excitatory and
inhibitory synapses. The depolarization of nerve terminals by current flow
through ionotropic kainate receptors appears sufficient to account for most
examples of presynaptic regulation; however, a number of studies have pro-
vided evidence for metabotropic effects on transmitter release that can be
initiated by activation of kainate receptors. The hyperexcitability evoked by lo-
cally applied kainate, which is quite effectively reduced by endocannabinoids,
is probably mediated preferentially via an activation of postsynaptic kainate
receptors (Marsicano et al. 2003).
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Fig. 3 Schematic of kainate receptor pharmacology, subtypes and topology

Recent analysis of knockout mice lacking one or more of the subunits that
contribute to kainate receptors, as well as studies with subunit-selective ago-
nists and antagonists, have revealed the important roles that kainate receptors
play in short- and long-term synaptic plasticity. The subunits GluR5, GluR6,
KA1 and KA2 form receptor assemblies previously designated as high-affinity
kainate receptors (Fig. 3). Kainate receptors were previously believed to be
largely presynaptic; for example, they are expressed in the dorsal root gan-
glia, and activation of these kainate receptors has been shown to facilitate
transmitter release (Schmitz et al. 2001). LTP and short-term synaptic facil-
itation is reduced in knockout mice lacking the GluR6, but not the GluR5,
kainate receptor subunit, suggesting that kainate receptors act as presynap-
tic autoreceptors on mossy fibre terminals to facilitate synaptic transmission
(Contractor et al. 2001). Postsynaptic kainate receptors are involved in neu-
rotransmission in some pathways (Wilding and Huettner 1997; Lerma et al.
1997). Kainate receptor activation shows rapid and profound desensitization
of GluR5-, GluR6-, GluR7-, KA1- and KA2-containing receptors. SYM 2081,
previously assumed to be a kainate receptor antagonist, is actually an agonist
(Jones et al. 1997) which produces profound and rapid kainate receptor de-
sensitization and thereby acts as a functional antagonist when continuously
present (Wilding and Huettner 1997).

2.1.4
NMDA Receptors

NMDA receptors are highly permeant for Ca2+, show slower gating kinet-
ics than AMPA receptors and the channel is blocked in a voltage- and use-
dependent manner by physiological concentrations of Mg2+ ions (Mcbain and
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Mayer 1994). These properties make them ideally suited for their role as a co-
incidence detector underlying Hebbian processes in synaptic plasticity such
as learning, chronic pain, drug tolerance and dependence (Collingridge and
Singer 1990; Trujillo and Akil 1995; Danysz and Parsons 1995; Collingridge and
Bliss 1995; Dickenson 1997). Novel techniques revealed a differential distribu-
tion of NMDA receptors along apical dendrites of neocortical neurons (Frick
et al. 2001) and suggest a very localized generation of glutamate-induced
synaptic plasticity (Dodt et al. 1999; Frick et al. 2004). Two major subunit
families designated NR1 and NR2, as well as a modulatory subunit designated
NR3, have been cloned. Most functional receptors in the mammalian CNS are
formed by combination of NR1 and NR2 subunits that express the glycine and
glutamate recognition sites, respectively (Hirai et al. 1996; Laube et al. 1997).

2.1.4.1
NR1 Subunits

Alternative splicing generates eight isoforms for the NR1 subfamily (Fig. 4;
Zukin and Bennett 1995). The variants arise from splicing at three exons. One
encodes a 21-amino acid insert in the N-terminal domain (N1, exon 5), and
two encode adjacent sequences of 37 and 38 amino acids in the C-terminal
domain (C1, exon 21 and C2, exon 22). NR1 variants are sometimes denoted by

Fig. 4 Schematic representation of the NMDA receptor
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the presence or absence of these three alternatively spliced exons (from N to C1
to C2). NR1111 has all three exons, NR1000 has none, and NR1100 has only the
N-terminal exon. The variants from NR1000 to NR1111 are alternatively denoted
as NMDA receptor 1-4a, -2a, -3a, -1a, -4b, -2b, -3b and -1b respectively. The
mRNA for double splice variants in the C1/C2 regions, such as NR1011 (NR1a),
show an almost complementary pattern to those lacking both of these inserts,
such as NR1100 (NR1b); the former are more concentrated in rostral structures
such as cortex, caudate, and hippocampus, while the latter are principally
found in more caudal regions such as thalamus, colliculi, locus coeruleus and
cerebellum (Laurie et al. 1995). NMDA receptors cloned from murine CNS
have a different terminology from those in the rat: ζ1 remains the terminology
for the mouse equivalent of NR1, and ε1 to ε4 represent NR2A to 2D subunits
respectively.

2.1.4.2
NR2 Subunits

The NR2 subfamily consists of four individual subunits, NR2A to NR2D (Figs. 4
and 5). Various heteromeric NMDA receptor channels formed by combinations
of NR1 and NR2 subunits are known to differ in gating properties, Mg2+ sen-
sitivity and pharmacological profile (Parsons et al. 1998). The heteromeric
assembly of NR1 and NR2C subunits, for instance, has a lower sensitivity to
Mg2+ but increased sensitivity to glycine (see Sect. 2.2) and a very restricted
distribution in the brain. In situ hybridization has revealed overlapping but

Fig. 5 Schematic of the NMDA receptor channel binding domain for Mg2+
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different expression for NR2 mRNA, e.g. NR2A mRNA is distributed ubiqui-
tously like NR1 with highest densities occurring in hippocampal regions and
NR2B is expressed predominantly in forebrain but not in cerebellum where
NR2C predominates. The spinal cord expresses high levels of NR2C and NR2D
and these may form heteroligomeric receptors with NR1 plus NR2A, which
would provide a basis for the development of drugs selectively aimed at spinal
cord disorders.

The overexpression of NR2B in the forebrains of transgenic mice leads to
enhanced activation of NMDA receptors, facilitating synaptic potentiation in
response to stimulation at 10–100 Hz (Tang et al. 1999). These mice exhibit
superior ability in learning and memory in various behavioural tasks, showing
that NR2B is critical for plasticity and memory formation. Environmental
enrichment significantly increases protein levels of GluR1, NR2B and NR2A
(Rampon et al. 2000).

2.1.4.3
NR3 Subunits

NR3 (NRL or Chi-1) is expressed predominantly in the developing CNS and
does not seem to form functional homomeric glutamate-activated channels,
but co-expression of NR3 with NR1 plus NR2 subunits decreases response
magnitude (Sucher et al. 1995; Matsuda et al. 2002). However, NR3A or NR3B
does co-assemblewithNR1alone inXenopusoocytes to formexcitatoryglycine
receptors that are unaffected by glutamate or NMDA, Ca2+-impermeable and
resistant to blockade by Mg2+ but inhibited by the glycine co-agonist d-serine
(Chatterton et al. 2002).

2.2
Glycine as a Co-agonist

Glycine is a co-agonist at NMDA receptors at a strychnine-insensitive recog-
nition site (glycineB), and its presence at moderate nanomolar concentrations
is a prerequisite for channel activation by glutamate or NMDA (Danysz and
Parsons 1998) and the prevention of NMDA receptor desensitization. Recently
it has been suggested that d-serine may be more important than glycine as
an endogenous co-agonist at NMDA receptors in the telencephalon and de-
veloping cerebellum. There is still some debate as to whether the glycineB site
is saturated in vivo (Danysz and Parsons 1998), but it seems likely that the
degree of NMDA receptor activation varies depending on regional differences
in receptor subtype expression and local glycine or d-serine concentrations.
Moreover, glycine concentrations at synaptic NMDA receptors could be finely
modulated by local expression of specific glycine transporters such as GLYT1
(Danysz and Parsons 1998).
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2.2.1
Polyamines

The polyamines spermine and spermidine have multiple effects on the activity
of NMDA receptors (Johnson 1996; Williams 1997). These include an increase
in the magnitude of NMDA-induced whole-cell currents seen in the presence of
saturating concentrations of glycine, an increase in glycine affinity, a decrease
in glutamate affinity, and voltage-dependent inhibition at higher concentra-
tions. Endogenous polyamines could act as a bi-directional gain control of
NMDA receptors by dampening toxic chronic activation by low concentrations
of glutamate—through changes in glutamate affinity and voltage-dependent
blockade—but enhancing transient synaptic responses to millimolar concen-
trations of glutamate (Williams 1997; Zhang and Shi 2001).

2.2.2
Competitive NMDA Receptor Antagonists

Antagonists such as d-(−)-2-amino-5-phosphono-valeric acid (D-APV), which
competitively block NMDA receptors, cause numerous side-effects such as
memory impairment, psychotomimetic effects, ataxia and motor dis-coordi-
nation, since they also impair normal synaptic transmission. The challenge has
therefore been to develop NMDA receptor antagonists that prevent the patho-
logical activation of NMDA receptors but allow their physiological activation.

2.2.3
Uncompetitive NMDA Receptor Antagonists

It has been suggested that uncompetitive NMDA receptor antagonists with
rapid unblocking kinetics but somewhat less pronounced voltage-dependency
than Mg2+ should be able to antagonize the pathological effects of the sus-
tained, but relatively small increases in extracellular glutamate concentration
but, like Mg2+, leave the channel as a result of strong depolarization following
physiological activation by transient release of millimolar concentrations of
synaptic glutamate (Parsons et al. 1993a; Parsons et al. 1999; Jones et al. 2001).
As such,uncompetitiveNMDAreceptorantagonistswithmoderate, rather than
highaffinitymaybedesirable.Memantineanddextromethorphanareclinically
usedagents that belong to this category. Several promisingagentshaveunfortu-
nately been abandoned at late stages of development, possibly due to the choice
of the wrong, too ambitious, clinical indications such as stroke and trauma.

2.3
Glycine Site Antagonists

Most full glycineB antagonists (i.e. those without intrinsic partial agonist ac-
tivity) show very poor penetration to the CNS, although some agents with
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improved, but by no means optimal, pharmacokinetic properties have now
been developed. GlycineB antagonists have been reported to lack many of
the side-effects classically associated with NMDA receptor blockade such as
no neurodegenerative changes in the cingulate/retrosplenial cortex even af-
ter high doses and no psychotomimetic-like or learning impairing effects at
anticonvulsive doses (see Danysz and Parsons 1998). The Merck compound L-
701,324 has even been proposed to have atypical antipsychotic effects (Bristow
et al. 1996). The improved neuroprotective therapeutic profile of glycineB full
antagonists could be due to their ability to reveal glycine-sensitive desensiti-
zation (Parsons et al. 1993b).

Kynurenic acid is an endogenous glycineB antagonist, but it seems unlikely
that concentrations are sufficient to interact with NMDA receptors under nor-
mal conditions (Danysz and Parsons 1998; Stone 2001). However, concentra-
tions are raised under certain pathological conditions (Danysz and Parsons
1998; Stone 2001) and interactions with other receptors such as α7 neuronal
nicotinic have been reported at lower concentrations (Hilmas et al. 2001).
Strategies aimed at increasing kynurenic acid concentrations by, for example,
giving its precursor 4-Cl-kynurenine, inhibiting brain efflux with probenecid
or inhibiting its metabolism have been proposed to be of therapeutic potential
(Danysz and Parsons 1998; Stone 2001).

d-cycloserine and (+R)-HA-966 are partial agonists at the glycineB site with
different levels of intrinsic activity (Karcz-Kubicha et al. 1997). Although these
systemically active partial agonists do not induce receptor desensitization they
have favourable therapeutic profiles in some in vivo models (Lanthorn 1994;
see Danysz and Parsons 1998). This may, in part, be due to their own intrinsic
activity as agonists at the glycineB site, which would serve to preserve a certain
level of NMDA receptor function even at very high concentrations (Danysz and
Parsons 1998).

d-cycloserine shows agonist-like features at low in vivo doses, while with
increasing dosing antagonistic effects predominate (Lanthorn 1994). The con-
sistent biphasic effects of d-cycloserine seen in vivo may be related to different
affinities and intrinsic activities at NMDA receptor subtypes. d-cycloserine is
a partial agonist for the murine equivalents of NR1/2A and NR1/2B heteromers
but is more effective than glycine at NR1/2C (O’Connor et al. 1996). This effect
is accompanied by higher affinity at NR1/2C receptors—NR1/2C>NR1/2D>>
NR1/2B>NR1/2A (O’Connor et al. 1996). As such, it is likely that the biphasic
effects seen in vivo are due to agonistic actions at NR1/2C receptors at lower
doses and inhibition of NR1/2A and NR1/2B containing receptors at higher
doses. This receptor subtype selectivity and differential intrinsic activity could
well underlie its promising preclinical profile in some animals models.

There is a very large body of literature confirming that d-cycloserine en-
hances learning in a wide variety of models (see Danysz and Parsons 1998 for
review plus Harper 2000; Lelong et al. 2001). Taken together, these data indicate
that the acute positive effects of d-cycloserine on learning in animal models
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are only seen at a very narrow range of doses and that even these effects are
lost upon repetitive or chronic administration.

Although 1-amino-cyclopropane-carboxylic acid (ACPC) has been reported
to be a partial agonist with very high intrinsic activity, it is probably really
a full agonist at the glycineB site and actually behaves as an antagonist in
some in vivo models (neuroprotection, anticonvulsive effects) that are likely to
be mediated via competitive antagonistic properties at higher concentrations
(Skolnick et al. 1989). The consistent observation that chronic treatment with
ACPC is neuroprotective could be because it desensitizes or uncouples NMDA
receptors (Skolnick et al. 1992; Papp and Moryl 1996), or it may be related to an
increase in the relative levels of NR2C expression (Danysz and Parsons 1998).

N-Acetyl-aspartyl-glutamate (NAAG),which is abundant in themammalian
CNS, acts as a weak partial agonist at NMDA receptors with low intrinsic ac-
tivity and an agonist at mGluR3 receptors (Neale et al. 2000). Inhibition of
NAALADase (N-acetyl-a-linked-acidic dipeptidase, or glutamate carboxypep-
tidase II, E.C. 3.4.17.21) has been proposed to be useful in numerous CNS
disorders associated with disturbances in glutamatergic transmission by de-
creasing the concentration of glutamate and increasing the concentration of
NAAG.

2.3.1
NR2B-Selective Antagonists

Ifenprodil and its analogue eliprodil block NMDA receptors in a spermine-
sensitive manner and were originally proposed to be polyamine antagonists.
It is now clear that both agents are selective for NR2B subunits (Legendre and
Westbrook 1991) and bind to a site that is distinct from the polyamine recog-
nition site, but interact allosterically with this site and the glycineB site. NR2B-
selective agents may also offer a promising approach to minimize side-effects,
as agents would not produce maximal inhibition of responses of neurons ex-
pressing heterogeneous receptors. Thus, cortical and hippocampal neurons
express both NR2A and NR2B receptors in approximately similar proportions,
but very little NR2C or NR2D. NR2B-selective agents therefore block NMDA
receptor-mediated responses of such neurons to a maximal level of around
30%–50% of control. Several studies have shown that ifenprodil and eliprodil
reduce seizures and are effective neuroprotectants against focal and global
ischaemia and trauma at doses that do not cause ataxia or impair learning
(Parsons et al. 1998). An unfortunate new side-effect has recently been re-
ported, i.e. that some of these agents may produce a prolongation of the Q-T
interval in thecardiacactionpotential due toblockadeofhumanether-a-go-go-
related gene (hERG) potassium channels (Gill et al. 1999). Several substances
selective for NR2B NMDA receptor subtypes such as traxoprodil, Ro-25-6981
and EMD-95885 have been claimed to have a good neuroprotective profile, and
traxoprodil is in clinical development. Other promising agents have been aban-
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doned at various stages of clinical development, but often due to side-effects
unrelated to NMDA receptor antagonism.

2.3.2
δ-Glutamate Receptors

While most subtypes of glutamate receptors have been studied extensively, less
is known about the δ-glutamate receptors, δ1 and δ2, which are abundant only
in parallel fibre synapses on Purkinje cells. Although neither forms functional
channels when expressed in heterologous cells, genetic analyses have demon-
strated the physiological significance of δ2. A δ-glutamate receptor-binding
protein was identified in the rat, which is widely expressed in both brain and
peripheral tissues, including high expression in brainstem and enrichment in
the postsynaptic density. Morphological changes in this binding protein may
regulate the δ-glutamate receptor clustering on the dendritic spines, and may
affect synaptic efficacy and plasticity (Hirai 2000; Ly et al. 2002).

2.4
Metabotropic Glutamate Receptors

Eight genes encoding mGluRs have been identified. They are G protein (gua-
nine nucleotide-binding protein)-coupled receptors linked to second-messen-
ger systems. Each metabotropic glutamate receptor is composed of seven trans-
membrane-spanning domains, with only minor homology to GABA(B)-type
receptors, and appears evolutionarily distinct from the other members of the
superfamily of metabotropic G protein-coupled receptors (GCPRs), which in-
cludes noradrenergic, muscarinic, acetylcholinergic, dopaminergic and sero-
tonergic (except other type III GPCRs such as GABAB and Ca2+ sensing recep-
tors) receptors. mGluRs are divided into three major groups, I–III, which are
involved in the generation of slow excitatory and inhibitory synaptic poten-
tials, andmodulationof synaptic transmission,aswell as synapticandneuronal
plasticity and development (Nakanishi et al. 1998). In addition to glutamate,
mGluRs are activated by ibotenate and quisqualate. They undergo constitutive
internalization after activation by glutamate. This glutamate-induced internal-
ization involves an arrestin- and clathrin-dependent pathway and is inhibited
by receptor-inverse agonists (Pula et al. 2004). Functional mGluRs are probably
dimers linked via extracellular disulphide bridges. The extreme intracellular C-
terminus of the α-subunit of the G protein is important for the Gi/Go-coupled
group II and III mGluRs, and the second loop is probably coupled to phospho-
lipase C (PLC). The first and the third loops are highly conserved (Pin et al.
1998). MGluRs interact with Homer proteins via a proline-rich motif within the
intracellular C-terminus. The Homer 1a isoform, which is upregulated during
seizures, stimulates group I mGluRs in the absence of an agonist (Ango et al.
2001). mGluRs couple to mitogen-activated protein kinase (MAPK), and extra-
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cellular signal regulated kinase (ERK)1/2 can activate some immediate early
genes (IEGs) encoding transcription factors (Peavy and Conn 1998; Ferraguti
et al. 1999).

Group I of mGluRs consists of two receptor subtypes, mGluR1, which has
four splice variants, and mGluR5, which has two splice variants. The group I
mGluRs are mainly localized to the somatodendritic membrane, and their
postsynaptic activation most commonly evokes excitation in neurons. Activa-
tion of presynaptic group I mGluRs reduces glutamate release and increases
paired-pulse facilitation, e.g. in hippocampal neurons (Manzoni and Bockaert
1995). Postsynaptic group I of mGluRs are positively coupled to PLC. PLC
promotes the conversion of phosphatidylinositol 4,5-bisphosphate (PIP2) to
diacylglycerol (DAG) and IP3. DAG activates membrane-bound protein kinase
(PK)C that in turn can phosphorylate ionotropic glutamate receptors. IP3 has
numerous intracellular effects including stimulation of Ca2+ release from in-
tracellular stores. Purkinje cells in the cerebellum carry exclusively mGluR1
including the two splice variants targeted to the perisynaptic regions (Mateos
et al. 2000) but no mGluR5. In the cerebellum, AMPA receptors mediate the
fast synaptic responses to glutamate released from parallel fibres. Only tetanic
parallel fibre stimulation evokes a slow mGluR1-mediated excitation. There is
evidence that this slow time course is not due to a slow diffusion of synaptically
released glutamate but to an indirect signal transduction mechanism different
from that active in hippocampal pyramidal neurons (Reichelt and Knöpfel
2002). The depolarizing current following mGluR1 activation in Purkinje cells
might be carried largely by Na+-ions (Tempia et al. 2001). In ventral midbrain
dopamine neurons, the activation of mGluR1 triggers a slow inhibitory synap-
tic potential. This synaptic event is caused by a potassium conductance that is
activated by an increase in intracellular Ca2+ concentration due to mobilization
from intracellular stores (Fiorillo and Williams 1998). The first neurophysio-
logical recordings revealed that group I mGluR activation blocks a potassium
conductance in the hippocampus in vitro that was triggered by the increase in
intracellular Ca2+ following the opening of voltage-gated Ca2+ channels during
action potential generation. In the presence of the antagonist, action potential
was generated throughout the depolarizing input. Voltage-clamp experiments
demonstrated that the calcium-activated potassium current (IAHP) decreased
while the Ca2+ dynamics remained unchanged (Charpak et al. 1990). The
two different splice variants of the mGluR1 seem to be involved in different
signalling pathways (Mannaioni et al. 2001).

Metabotropic glutamate receptor (mGluR) antagonists co-applied with do-
pamine block LTD in rat prefrontal cortex (PFC). This suggests that the
dopamine-facilitated LTD requires synaptic activation of groups I and II
mGluRs during tetanus (Otani et al. 1999). Activation of mGluRs causes mem-
brane hyperpolarization in midbrain dopamine neurons. This hyperpolariza-
tion results from the opening of Ca2+-sensitive K+ channels, which is mediated
by the release of Ca2+ from intracellular stores. The mGluR-mediated hyper-
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polarization was shown to induce a transient pause in the spontaneous firing
of dopamine neurons. The mGluR-mediated Ca2+ mobilization in dopamine
neurons is caused by multiple intracellular pathways to exert an inhibitory con-
trol on the excitability of dopamine neurons (Morikawa et al. 2003). Dopamine
neurons of the substantia nigra pars compacta receive a prominent serotonin
(5-HT) projection from the dorsal raphé nucleus. MgluR-evoked postsynaptic
currents are inhibitedbyanactivationof 5-HT2A and5-HT4 receptors (Paolucci
et al. 2003).

Group II (mGluR2/3) and group III (mGluR4/6/7/8; mGluR4/7/8 have two
splice variants) receptors differ in their sequence homology but are both cou-
pled to a different effector system, i.e. they decrease the activity of adenylate
cyclase. Both group II and III mGluRs are located largely on presynaptic
neurons and glia and modulate the release of glutamate as well as other,
e.g. inhibitory, transmitters such as GABA (Salt et al. 1999). The activation
of group II and III mGluRs evokes predominantly inhibitory effects on neu-
ronal excitability.However, 4-aminopyrrolidine-2,4-dicarboxylic acid (APDC),
a selective and potent group II mGluR agonist, reversibly increased NMDA
receptor currents in acutely dissociated PFC pyramidal neurons. Selective
group II mGluR antagonists, but not group I mGluR antagonists, blocked
APDC-induced enhancement of NMDA receptor currents, suggesting the me-
diation by mGluR2/3 receptors. Inhibiting PKC or dialysis with Ca2+ chela-
tors largely blocked the mGluR2/3 modulation of NMDA receptor currents.
Moreover, treatment of PFC slices with APDC significantly increased the PKC
activity and PKC phosphorylation of NMDA receptors. These findings suggest
that activation of mGluR2/3 receptors potentiates NMDA receptor channel
functions in PFC through a PKC-dependent mechanism (Tyszkiewicz et al.
2004).

A very interesting finding is that AMPA receptor activation inhibits ADP-
ribosylation and forskolin-stimulated activity of adenylate cyclase in rat cor-
tical neurons (Wang et al. 1997). These effects were independent of Ca2+ and
Na+ influx, suggesting that the ionotropic AMPA receptor is also directly cou-
pled to metabotropic processes. This is supported by the finding that AMPA
receptors activate a G protein (Kawai and Sterling 1999). Brief kainate exposure
caused long-lasting inhibition of a post-spike potassium current (I sAHP) in
CA1 pyramidal cells and this inhibition did not require ionotropic action or
network activity, but was blocked by an inhibitor of pertussis toxin-sensitive
G proteins (ethylmaleimide), or the PKC inhibitor calphostin C (Melyan et al.
2002). Agonist-dependent downregulation of recombinant NR1/2A receptors
by tyrosine dephosphorylation independent of ion flux has also recently been
reported (Vissel et al. 2001).

Recent data suggest that a progressive increase in tonic mGluR activity dur-
ing postnatal development contributes to a reduction of release probability
of glutamate in excitatory cortical synapses (Chen and Roper 2004). Group I
metabotropic glutamate receptor activation produces a direct excitation of
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Table 1 Metabotropic glutamate receptors

Group I Group II Group III mGIuRs connected

with PLD

Subtypes mGIuR1 MgIuR2 mGIuR4 Non-identified

mGIuR1a MgIuR3 mGIuR4a

mGIuR1b mGIuR4b

mGIuR1c mGIuR6

mGIuR1d mGIuR7

mGIuR5 mGIuR7a

mGIuR5a mGIuR7b

mGIuR5b mGIuR8

Second messenger system ↑ PLC ↓ AC ↓ AC ↑ PLD

↑, Increase;↓, decrease; AC, adenylate cyclase; PLC, phospholipase C; PLD, phospholipase D.

identified septohippocampal cholinergic neurons (Hajszan et al. 2004). Septo-
hippocampal cholinergic neurons innervate the hippocampus and provide it
with almost its entire acetylcholine. These findings may be of significance in
treatment of cognitive deficits associated with neurodegenerative disorders, as
mGluR-mediated activation of septohippocampal cholinergic neurons would
enhance the release of acetylcholine both in the hippocampus and in the sep-
tum. NMDA receptor-independent LTP has been shown to be mediated by
activation of group II mGluRs (Wu et al. 2004).

The prominent involvement of mGluRs in genomic responses to synaptic
stimulation is considered to play a pivotal role in a variety of neurological
disorders. Available data indicate that the eight subtypes of mGluRs have
distinct effects on gene expression. The group I subtypes facilitate, whereas
group II and III subtypes inhibit, gene expression. Due to their significance
in regulating drug action, mGluRs have been considered as promising targets
for the development of novel therapeutic drugs for the treatment of drug
addiction. It seems likely that allosteric modulation of mGluRs may provide
a valid strategy for the development of new pharmaceuticals in the near future
(Gasparini et al. 2002). Numerous highly selective agonists and antagonists are
now available (Knöpfel et al. 1995; Schoepp et al. 1999; Table 1).

3
Synaptic Plasticity

NMDA receptor channels are only activated in the presence of a local strong
depolarization induced by strong AMPA receptor activation and concurrent
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GABAergic disinhibition via feedback effects of GABA on GABAB autorecep-
tors. As a result, the Mg2+ blockade of NMDA receptors is transiently fully
relieved allowing Ca2+ to flow into the postsynaptic neuron. This Ca2+ influx
triggers a cascade of secondary messengers that ultimately activate a number
of enzymes such as PKC, phospholipase A2 (PLA2), PLC and Ca2+/calmodulin-
dependent protein kinase II (CaM kinase II) (Abraham and Tate 1997; Grant
and Silva 1994; Lisman 1994; Benowitz and Routtenberg 1997; Lan et al. 2001;
Bayer et al. 2001). Consequently, these processes lead to fixation of changes in
postsynaptic AMPA receptors such as an increase in their affinity and/or num-
ber (Benke et al. 1998) and, possibly through retrograde signals (arachidonic
acid, nitric oxide), modulate presynaptic glutamatergic terminals influencing
transmitter release (Collingridge and Bliss 1995).

There is accumulating evidence that LTP and LTD share some common
mechanisms, although LTD occurs with increases in postsynaptic Ca2+ that
are insufficient to induce LTP (Artola and Singer 1993; Christie et al. 1994;
Cummings et al. 1996; Derrick and Martinez 1996; Hansel et al. 1996; Kirk-
wood et al. 1996; Tsumoto and Yasuda 1996). Although hippocampal LTP and
spatial learning are impaired by NMDA receptor blockade, learning deficits
can be almost completely prevented if rats are pretrained in a different water
maze (Bannerman et al. 1995; Saucier and Cain 1995). NMDA receptors may
therefore not be required for encoding the spatial representation of a specific
environment, but rather other forms of memory that are important for learning
the water maze task (Morris 1996). Recent evidence indicates that LTP is not
only important for synaptic plasticity in the mature CNS but also in the for-
mation of conducting glutamatergic synapses in the developing mammalian
brain (Durand et al. 1996).

There is still considerable debate as to the site at which the increase in synap-
tic strength is expressed (Collingridge and Bliss 1995). Presynaptic mech-
anisms should be reflected in a change in release probability. This can be
measured at excitatory synapses on cultured hippocampal neurons by anal-
ysis of the progressive block of NMDA receptor-mediated synaptic currents
by the essentially irreversible open channel blocker dizocilpine [(+)MK-801]
(Rosenmund et al. 1998). This technique was used to demonstrate that release
probability was not affected after the induction of LTP, making a presynaptic
mechanism unlikely (Manabe and Nicoll 1994). Moreover, recent reports in-
dicate that a high proportion of synapses in hippocampal area CA1 transmit
with NMDA receptors but not AMPA receptors, making these synapses effec-
tively non-functional at normal resting potentials due to Mg2+ blockade (Liao
et al. 1995; Nicoll and Malenka 1995; Montgomery et al. 2001; Montgomery and
Madison 2002). These silent synapses acquire AMPA-type responses following
LTP induction. Furthermore, this form of LTP is accompanied by an increase in
the conductance of postsynaptic AMPA receptors. Taken together, these find-
ings challenge the view that LTP in CA1 involves a presynaptic modification,
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and suggest instead a simple postsynaptic mechanism for both induction and
expression of LTP.

Cerebellar LTP was reduced in mGluR1 knockout mice (Aiba et al. 1994)
whereas mGluR5 knockout mice exhibited a normal LTD (Lu et al. 1997). The
targeted replacement of GluR1a in only Purkinje cells re-established LTD again
(Ichise et al. 2000).

4
Pathophysiology

Endogenous glutamate, by activating ionotropic and metabotropic glutamate
receptors, may contribute to the brain damage occurring acutely after status
epilepticus, cerebral ischaemia or traumatic brain injury and may also con-
tribute to chronic neurodegeneration in such disorders as Alzheimer’s disease,
Parkinson’s disease, ALS and Huntington’s chorea. There is no evidence at
present that dietary glutamate—glutamate is the most abundant amino acid in
the diet—can evoke brain damage in humans. However, the kainate analogue,
domoate, which is sometimes ingested accidentally in blue mussels, is a potent
neurotoxin. This neurotoxin evokes seizures and can lead to hippocampal and
related pathology and amnesia.

4.1
Stroke

There are a number of microdialysis studies in animals indicating that there
is a consistent increase in extracellular glutamate concentration during exper-
imental ischaemia (Benveniste et al. 1984; Globus et al. 1988). In man, there is
also an increase in CSF and plasma content of glutamate and glycine in patients
with progressive, but not with stable stroke (Castillo et al. 1997).

Considering the shortage of energy in neurons during ischaemia, an in-
crease in extracellular glutamate concentration per se is not necessary to evoke
damage through activation of glutamate receptors. Other factors may increase
neuronal vulnerability to physiological levels of glutamate simply by, for ex-
ample, a decrease of resting membrane potential or buffering of intracellu-
lar Ca2+. Apart from glutamate, oxidative stress, inflammatory reactions and
break-down of the blood–brain barrier may also play a role (Ginsberg 1995).

In general, AMPA receptor antagonists seem to be more active in global
ischaemia models, while both NMDA and AMPA receptor antagonists show
moderate activity in focal ischaemia (for review see Parsons et al. 1998 plus
Schielke et al. 1999; KawasakiYatsugi et al. 2000; Lees 2000; Pitsikas et al. 2001).
Several clinical trials with glutamate antagonists have consistently failed to
show beneficial effects in stroke (Lodder 2000). In these studies some CNS
related side-effects such as agitation, hallucinations, confusion and dizziness
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were reported for competitive and high-affinity uncompetitive NMDA receptor
antagonists (Davis et al. 2000).

Activation of group I mGluRs has been implicated in the pathophysiology
of acute CNS injury (Bao et al. 2001). However, only rather high concentra-
tions of the selective mGluR5 antagonists 2-methyl-6-phenylethynylpyridine
(MPEP) and (R,S)-2-chloro-5-hydroxyphenylglycine (CHPG) reduce infarct
volume and lead to a significant neurological recovery.

4.2
CNS Trauma

Following traumatic brain injury (TBI) in rats there are clearly perturbations
of energy homeostasis and a significant increase of extracellular glutamate
(Zauner and Bullock 1995). An increase in glutamate content has also been
observed in patients using brain microdialysis (Kanthan and Shuaib 1995) or
CSF sampling (Palmer et al. 1994). Interestingly, a delayed rise in extracellular
levels of glutamate that persisted for several days after traumatic insult has been
observed in some patients, and was often connected with a poor prognosis
(Bullock et al. 1995).

Pre-treatment with either NMDA or AMPA receptor antagonists provides
neuroprotection in animal models of TBI. For example, recent data indicate
that treatment of rats with memantine immediately after injury significantly
preventedneuronal loss inbothCA2andCA3regions afterTBI induced inadult
rats with a controlled cortical impact device (Rao et al. 2001). NR2B-selective
antagonists such as the first generation agent ifenprodil and the more selective
agent traxoprodil were also protective in animal models of TBI (Okiyama et al.
1997; Dempsey et al. 2000) and subdural haematoma (Tsuchida et al. 1997). The
glutamate release inhibitor riluzole attenuated fluid percussion cortical injury
when applied shortly after the insult (Wahl et al. 1997). Similarly, sipatrigine
significantly reduced fluid percussion injury-induced focal brain oedema in
the rat (Okiyama et al. 1995).

Laboratory studies have identified numerous glutamatergic targets for po-
tential therapeutic interventions in TBI (Bullock et al. 1999). Of these potential
therapies, only NMDA receptor antagonists have progressed into human clini-
cal trials, but, as stated above, most of these trials were terminated prematurely.

Activation of group I mGluRs attenuates excitotoxicity in oligodendrocytes
by controlling downstream oxidative stress after iGluR overactivation and
also prevents non-excitotoxic forms of oxidative stress by inhibiting reac-
tive oxygen species accumulation and intracellular glutathione loss. Group III
mGIuR4s (-6, -7, and -8) modulate neurotoxicity of excitatory amino acids
and epileptic convulsions, most likely via presynaptic inhibition of gluta-
matergic neurotransmission. Recent data provide evidence that also mGluR4
mediates neuroprotective effects (Maj et al. 2003). These findings suggest that
targeting mGluRs may be a useful therapeutic strategy for treating disorders
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that involve excitotoxic injury and/or oxidative stress to glial (Deng et al.
2004).

4.3
Chronic Neurodegenerative Diseases

There are indications that there is an increase in either glutamate (decrease of
uptake and/or increase of release) or other endogenous glutamate receptors
agonists in the vicinity of neurons in Alzheimer’s disease (see Palmer and Ger-
shon 1990 and Parsons et al. 1999 for reviews). As examples, in vitro β-amyloid
enhances depolarization-stimulated glutamate release and inhibits its glial
uptake, and this effect is more pronounced in aged animals. β-Amyloid pep-
tide either activates NMDA receptors or enhances their sensitivity. In vivo
injection of β-amyloid i.c.v. produces long-lasting depression of EPSPs in
the hippocampus—an expression of ongoing mild excitotoxicity—that is pre-
vented by the competitive NMDA receptor antagonist 3-(2-carboxypiperazine-
4-yl)-propyl-1-phosphonic acid (CPP). Somewhat compatible is the finding
that β-amyloid (1–40) stimulates NO production by microglia. NO is known
to enhance glutamate release and to inhibit uptake (Lees 1993).

So far, the moderate affinity, uncompetitive NMDA receptor antagonist me-
mantine is the only substance profiled for neurodegenerative dementia that
is already in clinical use. Memantine was recently registered for moderate to
severe Alzheimer’s disease in Europe [axura (Merz) and ebixa (Lundbeck)]
and in the USA [namenda (Forest)]. Preclinical data clearly indicate that me-
mantine might be able to slow down the progression of chronic neurodegen-
erative diseases (Danysz et al. 2000; Doraiswamy 2002; Möbius and Stöffler
2002; Brown et al. 2003a; Areosa and Sherriff 2003). There are several reports
that memantine protects against acute NMDA or glutamate toxicity (Parsons
et al. 1999).

Although the production of new neurons declines during adulthood, it
has recently become clear that it indeed persists, although at very low levels,
in the aged hippocampus. This neurogenesis in the mature dentate gyrus
is suppressed by corticosteroids, and over activity of glutamatergic systems
may have a similar effect (Cameron et al. 1995; Mcewen 1996; Cameron et al.
1998). Thus, acute treatment with the NMDA receptor antagonists seems to
increase the number of proliferating cells, new neurons and radial glia-like
cells in the granule cell layer of the hippocampus of aged rats (Cameron et al.
1995; Gould et al. 1997; Nacher et al. 2003) and prevents corticosterone-induced
decrease in proliferating cells (Cameron et al. 1998). On the other hand, there is
a net increase in neurogenesis in animals housed in an enriched environment
coupled with an improved performance in a spatial learning test (Nilsson
et al. 1999). Thus, it seems possible that while pathological activation of the
glutamatergic system may have detrimental effects on neurogenesis in the
mature CNS, physiological glutamatergic activity will have a positive effect. As
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such, blockade of pathological and restoration of physiological NMDA receptor
activation could facilitate neurogenesis in the CNS.

The advent of potent and centrally available subtype-selective ligands has
led to an extensive investigation of the role of mGlu receptor subtypes in neu-
rodegeneration. Pharmacological blockade of mGluR1 or mGluR5, or phar-
macological activation of mGluR2/3 or mGluR4/7/8 produces neuroprotec-
tion in a variety of in vitro or in vivo models (Bruno et al. 2001). mGluR5
antagonists may limit neuronal damage induced by a hyperactivity of N-
methyl-d-aspartate (NMDA) receptors, because mGluR5 and NMDA recep-
tors are physically and functionally connected in neuronal membranes. A se-
ries of observations suggest a potential application of mGluR5 antagonists in
chronic neurodegenerative disorders, such as ALS and Alzheimer’s disease.
MGluR2/3 agonists inhibit glutamate release, but also promote the synthesis
and release of neurotropic factors in astrocytes. These drugs may therefore
have a broad application as neuroprotective agents in a variety of CNS dis-
orders. Finally, mGluR4/7/8 agonists potently inhibit glutamate release and
have a potential application in seizure disorders. The advantage of all these
drugs with respect to NMDA or AMPA receptor agonists derives from the
evidence that mGlu receptors do not ‘mediate,’ but rather ‘modulate’ excita-
tory synaptic transmission. Therefore, it can be expected that mGluR ligands
produce less undesirable effects resulting from the inhibition of excitatory
synaptic transmission, such as sedation or an impairment of learning and
memory.

4.4
Amyotrophic Lateral Sclerosis

ALS is a devastating neurological disorder characterized by selective upper
and lower somatic, but not autonomic, motor neuron degeneration leading to
paralysis and eventually death. Other functions such as intellectual abilities
and sensory perception are preserved. Several theories regarding the patho-
genesis of ALS have emerged including glutamate excitotoxicity, free radical
oxidative stress, neurofilament accumulation and autoimmunity (see Parsons
and Danysz 2002 for review).

The role of the glutamatergic system in pathology of ALS is well documented
but partially contradictory. The questions stem both from postmortem, brain
imaging and plasma/CSF studies in ALS patients and observations in animal
models (LaBella et al. 1997). The most widely accepted deficit in sporadic
ALS patients seems to be a loss of glial glutamate uptake (EAAT2) protein
but not mRNA in the spinal cord (Rothstein et al. 1992, 1995; Fray et al. 1998;
Sasaki et al. 2000). Whatever the mechanism, changes in EAAT2 expression
probably result in an increase in synaptic glutamate concentrations leading to
excitotoxicity. This is clearly illustrated by the fact that an administration of
glutamate transporter antisense in rats leads to a motor syndrome that includes
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hindlimb paresis (Rothstein et al. 1996). In fact, after glutamate loading there
is a significantly higher increase in glutamate and aspartate levels in plasma in
ALS patients than in matched controls (Gredal and Moller 1995).

Over a decade ago, it was shown that the pattern of neuronal loss in the
spinal cord in patients suffering from ALS resembles that obtained after ex-
citotoxic lesions induced by kainate in animals (Hugon et al. 1989). Injection
of kainate to the spinal cord produces damage to motoneurons, while NMDA
lesions affect mainly dorsal horn neurons (Ikonomidou et al. 1996). Similarly,
short exposure to kainate in vitro results in selective Ca2+-dependent death of
motoneurons expressing Ca2+-permeant AMPA receptors, while dorsal horn
neurons are unaffected (Van Den Bosch et al. 2000). α-Motoneurons in organ-
otypic cultures of rat spinal cord are considerably more sensitive to kainate
and quisqualate than to NMDA toxicity (Saroff et al. 2000). This selective
motoneuron death is completely inhibited by the AMPA receptor antagonists
LY300164 and Joro spider toxin (selective for Ca2+ permeant receptors) (Van
Den Bosch et al. 2000). This suggests non-NMDA (AMPA or kainate) receptor
involvement.

One of the crucial questions is why certain motoneuron populations are
particularlyprone todeath inALS.Although there is noclear-cut answer, oneof
the possibilities is weak Ca2+ buffering capacity connected with lowered levels
of cytoplasmic proteins responsible for such buffering, such as parvalbumin
and calbindin (Krieger et al. 1994; Roy et al. 1998).

The competitive AMPA receptor antagonist RPR 119990 was found to be
active in a transgenic mouse model of familial ALS (SOD1-G93A) where it
was able to improve grip muscle strength and glutamate uptake from spinal
synaptosomal preparations, and prolong survival (Canton et al. 2001). Most
of the evidence presented above points to a primary involvement of AMPA
receptors in neurodegeneration in ALS. In fact, data on NMDA receptors role
are scarce and clinical evidence rather discouraging.

Riluzole—the only drug registered as a disease-modifying agent for ALS—
delayed the development of motor impairment and prolonged life span in
superoxide dismutase (SOD) transgenic mice (Gurney et al. 1998) (Kennel et al.
2000). In spite of extensive studies, the precise mechanism of action of riluzole
(RP 54274) remains elusive. Riluzole clearly decreases the synaptic release of
glutamate and other neurotransmitters (Bryson et al. 1996) and this effect is
probably secondary to inhibition of voltage-activated Na+ channels (VASCs)
(Doble 1996) and voltage-activated Ca2+ channels (VASCs, P/Q>N>>>L-type
channels) (Stefani et al. 1997; Huang et al. 1997; Yokoo et al. 1998).

The evidence given above is probably sufficient to consider glutamate an-
tagonists as plausible neuroprotective treatment of ALS. Unfortunately, most
clinical trials with glutamate antagonists completed to date have not been en-
couraging. Dextromethorphan (NMDA channel blocker) showed no benefit
(Blin et al. 1996; Gredal et al. 1997).



274 C.G. Parsons et al.

4.5
Parkinson’s Disease

There is some evidence that neurodegeneration of dopaminergic pathways
of the substantia nigra pars compacta (SNc) in Parkinson’s disease involves
excitotoxicity (Schmidt et al. 1990; Greenamyre and O’Brien 1991; Blandini
and Greenamyre 1998). In rats, NMDA receptor antagonists protect against
damage of dopaminergic neurons induced by the dopaminomimetic metham-
phetamine (Sonsalla et al. 1991). In vitro, MPTP (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine) application inhibits the astroglial glutamate transporter
(Hazell et al. 1997), probably through free radicals. MPTP induces toxicity and
Parkinsonian symptoms in rats and monkeys, and this is prevented either by
NMDA receptor antagonists or by lesion of the descending cortico-striatal glu-
tamatergic pathway (see Blandini and Greenamyre 1998; Parsons et al. 1998).

It is now widely accepted that NMDA receptor antagonists might mani-
fest their symptomatic anti-Parkinsonian effects by attenuating an imbalance
between dopaminergic and glutamatergic pathways within the basal ganglia
network (Schmidt and Kretschmer 1997; Danysz et al. 1997). Based on pre-
clinical data, one could speculate that NMDA receptor antagonists (and maybe
AMPA receptor antagonists) should provide some degree of neuroprotection
in Parkinson’s patients (Danysz et al. 1997).

Amantadine has a long history in the symptomatic treatment of Parkin-
son’s disease. Several recent double-blind, placebo-controlled studies have con-
firmed the impressive acute antidyskinetic effects of amantadine (Rajput et al.
1998; Verhagen Metman et al. 1998; Luginger et al. 2000; Del Dotto et al. 2001;
Shoghi-Jadid et al. 2002). One study also indicates that amantadine’s antidysk-
inetic benefit is maintained for at least 1 year (Metman et al. 1999). The related
compound memantine was found, as in the MPTP monkey, to have no effect on
dyskinesia in a double-blind study; but it did improve parkinsonian symptoms
(Merello et al. 1999). This indicates that the antidyskinetic effects of amanta-
dine may be unrelated to NMDA receptor antagonism (Danysz et al. 1997).

4.6
Huntington’s Disease

Evidence suggests that overactivation of NMDA receptors contributes to se-
lective degeneration of medium-sized spiny striatal neurons in Huntington’s
disease. The pattern of neuronal loss in the striatum in Huntington’s disease
is similar to that obtained after excitotoxic lesions in animals (Schwarcz and
Köhler 1983). Striatal neurodegeneration produced by mitochondrial toxins
3-NP and malonate (inhibitors of complex II–III), producing a similar type of
damage, also is attenuated by lesions of the glutamatergic inputs, the glutamate
release inhibitor lamotrigine and/or NMDA receptor antagonists such as di-
zocilpine and memantine (Greene and Greenamyre 1995; Schulz et al. 1996; Lee
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et al. 2000). Hence, it is likely that mitochondrial dysfunction evoked by these
toxins triggers a chain of reactions including excitotoxicity. In fact, there are
data indicating a deficit of mitochondrial complex II–III activity in the brains of
Huntington’s patients (Browne et al. 1997). HEK293 cells co-expressing mutant
huntingtin with polyglutamine expansion (htt-138Q) and either NR1A/NR2A-
or NR1A/NR2B showed a significant increase in apoptotic cell death in the
presence of NMDA, and this difference was larger for NR1A/NR2B (Zeron
et al. 2001).

4.7
Tardive Dyskinesia

According to current concepts, tardive dyskinesia seen after long-term treat-
ment with some neuroleptics involves progressive neuronal damage resulting
from excitotoxicity and free radical production (DeKeyser 1991; Cadet and
Kahler 1994). At the level of the striatum, chronic blockade of D2 inhibitory
dopaminergic receptors localized on glutamatergic terminals from the cortex
may lead to a persistent, enhanced release of glutamate that eventually damages
output neurons (DeKeyser 1991; Gunne and Andren 1993).

4.8
Glaucoma

Excitotoxicity has also been implicated in glaucoma. Mild chronic intravitreal
elevation in glutamate concentration by serial intravitreal glutamate injections
resulted in death of retinal ganglion cells. Concurrent daily injections of me-
mantine completely prevented this cell death (Vorwerk et al. 1996). As such,
the memantine follow-up compound neramexane (MRZ 2/579) could also be
useful for the treatment of glaucoma and this possibility is presently being
tested as a proof concept for the neuroprotective effects of moderate affin-
ity uncompetitive NMDA receptor antagonists in chronic neurodegenerative
diseases. Retinal ischaemia induced in rats by elevating intraocular pressure
also caused an elevation in the mean vitreous concentration of glutamate and
glycine and caused pronounced loss of retinal ganglion cells (Lagreze et al.
1998).

4.9
HIV Dementia

There are a number of indications that glutamate might be involved in some
aspects of acquired immunodeficiency syndrome (AIDS)-related neurological
deficits (Lipton 1992b). Gp120 (HIV coat protein) produces toxicity in vitro
that is attenuated by NMDA receptor antagonists such as dizocilpine (MK-
801) and memantine (Lipton 1992a). Neurodegeneration in transgenic mice
over expressing gp120 was attenuated by memantine (Toggas et al. 1996). This
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toxicity is probably secondary to glutamate release from glial cells rather than
a direct agonistic effect of Gp120.

4.10
Multiple Sclerosis

In a mouse model of autoimmune encephalomyelitis (EAE) there is a deficit
of astroglial enzymes (glutamate dehydrogenase and glutamine synthase) re-
sponsible for degradation of glutamate taken up from the extracellular space
(HardinPouzet et al. 1997). This may lead to an increase in extracellular glu-
tamate and neurotoxicity seen in this disease. Memantine dose-dependently
ameliorated neurological deficits in rodents with EAE. This was not via inter-
actions with the immune system per se and implies that effector mechanisms
responsible for reversible neurological deficits in EAE may involve NMDA re-
ceptors (Wallstrom et al. 1996). Oligodendrocyte excitotoxicity via overactiva-
tion of AMPA and kainate receptors could also be involved in the pathogenesis
of such demyelinating disorders (Matute et al. 2001). Brain damage in multiple
sclerosis includes both glial activation and pathological changes in axons. The
expression patterns of both group I and II mGluRs in multiple sclerosis tissue
differed significantly from the patterns in control tissue. Changes in mGluR
immunoreactivity were also observed in glia. A diffuse increase in the expres-
sion of mGluR5 and mGluR2/3 was detected in reactive astrocytes in multiple
sclerosis lesions (Geurts et al. 2003).

4.11
Astroglioma

Implanted astroglioma cells secrete glutamate in vivo, and those showing high
glutamate release have a distinct growth advantage in host brain that is not
present in vitro. Treatment with dizocilpine or memantine slowed the growth
of glutamate-secreting tumours in situ, suggesting that activation of NMDA
receptors facilitates tumour expansion (Takano et al. 2001). Glutamate antag-
onists have also been shown to inhibit proliferation of various human tumour
cells in vitro, but the concentrations required were very high and probably not
of therapeutic relevance (Rzeski et al. 2001). This suggests that astroglioma
cells secrete glutamate to destroy healthy surrounding tissue and thereby make
space for tumour expansion. These findings support a new approach for ther-
apy of brain tumours, based upon antagonizing glutamate secretion or its
target receptors.

4.12
Epilepsy

Although epilepsy was one of the first suggested therapeutic applications of
NMDA receptor antagonists (Czuczwar and Meldrum 1982; Meldrum 1985)
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only few such agents reached clinical testing for this indication and these failed
to show sufficient benefits and produced serious side-effects (Troupin et al.
1986; Leppik et al. 1988; Sveinbjornsdottir et al. 1993).

Preclinical data indicate that NMDA receptor antagonists will probably not
be useful as a monotherapy in epilepsy. However, the observation that NMDA
receptor antagonists greatly enhance the anticonvulsive potency of AMPA
receptor antagonists (Löscher et al. 1993) and conventional anti-epileptic drugs
(Czuczwar et al. 1996), thereby allowing significant dose reductions, opens new
avenues in this regard. Drugs that interact with more than one anticonvulsant
target may show synergistic anticonvulsant actions but may not have increased
toxicity. Indeed, highly effective, broad-spectrum antiepileptic drugs such as
felbamate and topiramate, may act through such multiple mechanisms.

Transient stimulation of group I mGluRs induces persistent prolonged
epileptiform discharges via an activation of ERK1/2 in the hippocampus (Zhao
et al. 2004). Group I mGluR antagonists show anticonvulsant efficacy against
pentylenetetrazole-induced seizures, kindling, and kindling-related learning
deficits. It was concluded that mGluR1 and mGluR5 play a specific role in
the convulsive component of kindling and that the beneficial action of the
antagonists on kindling-induced impairments in shuttle-box learning may be
associated with their effect on glutamatergic synaptic activity (Nagaraja et al.
2004). Mice lacking mGluR7 exhibit an increased susceptibility to seizures,
suggesting a preponderance of excitation (Sansing et al. 2001).

4.13
Chronic Pain

Despite intensive research on the neurobiological mechanisms of chronic pain,
this therapeutic area remains one of the least satisfactorily covered by current
drugs. There is considerable preclinical evidence that hyperalgesia and allody-
nia following peripheral tissue or nerve injury is not only due to an increase
in the sensitivity of primary afferent nociceptors at the site of injury but also
depends on NMDA receptor-mediated central changes in synaptic excitability
(Zieglgänsberger and Tolle 1993; Sandkühler and Liu 1998; Eide 2000; Parsons
2001; Fundytus 2001).

The uncompetitive NMDA receptor antagonist ketamine has been available
for clinical use as an anaesthetic for 40 years (Domino et al. 1965). Ketamine
is effective in various animal models of hyperalgesia and allodynia and has
been reported to have antinociceptive effects in some of these models at doses
devoidofobvious side-effects.Others, however, have reported that the effects of
ketamine are only seen at doses producing ataxia (see Parsons 2001 for review).
Ketamine reportedly inhibits the area of secondary hyperalgesia induced by
chemical (Park et al. 1995) or thermal stimuli (Ilkjaer et al. 1996; Warncke
et al. 1997) and inhibits temporal summation of repeated mechanical (Warncke
et al. 1997) and electrical stimuli (Arendtnielsen et al. 1995; Andersen et al.
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1996). There is evidence for tonic NMDA receptor activation in inflammatory
hyperalgesia (Boxall et al. 1998) and in the mechanisms underlying the reduced
effectiveness of opioids in chronic neuropathic pain states (Mao et al. 1995;
Cai et al. 1997; Fan et al. 1998; Yashpal et al. 2001). Several controlled trials in
patients with peripheral neuropathic pain have shown positive effects of acute
injections of ketamine on spontaneous ongoing pain (Eide et al. 1994; Max
et al. 1995; Nikolasjen et al. 1996; Felsby et al. 1996) central neuropathic pain
(Eide et al. 1995b), fibromyalgia (Pud et al. 1998), and chronic ischaemic pain
(Persson et al. 1998). After pre- and peri-operative treatment with low-dose
ketamine, postoperative pain relief has been evidenced by reduced morphine
consumption, but the intensity of ongoing post-operative pain was less affected
(Roytblat et al. 1993; Ngan Kee et al. 1997; Fu et al. 1997). Oral treatments
with NMDA receptor antagonists have thus far been disappointing and often
associated with side-effects (e.g. Haines and Gaines 1999). Nevertheless, there
is great potential in the combination of therapeutically safe NMDA receptor
antagonists with opioids in the treatment of chronic pain (Elliott et al. 1995;
Eide et al. 1995a; Schmid et al. 1999).

Memantine also blocks and reverses thermal hyperalgesia, mechanical al-
lodynia in rat models of painful mononeuropathy without obvious effects on
motor reflexes following systemic (Carlton and Hargett 1995; Eisenberg et al.
1993, 1995; Suzuki et al. 2001) and local spinal administration (Chaplan et al.
1997). Although the hypothesis underlying the ability of this moderate affinity
open channel blocker to differentiate between phasic physiological and tonic
excitotoxic pathological activation of NMDA receptors has gained relatively
wide acceptance (Mealing et al. 1997; Kornhuber and Weller 1997; Parsons
et al. 1999) it is still unclear how such compounds could differentiate between
normal and abnormal synaptic activation of NMDA receptors.

Another promising target for NMDA receptor antagonism is the glycineB
modulatorysite (DanyszandParsons1998). Indeed, systemicallyactiveglycineB
antagonists have good therapeutic indices following systemic administration
in models of hyperalgesia and allodynia (see Parsons 2001 for references; plus
Quartaroli et al. 2001).

The NR2B-selective agent traxoprodil has also been reported to be effective
in suppressing hyperalgesia in animal models of chronic pain (carrageenan,
capsaicin and allodynia in neuropathic rats) at doses devoid of negative side-
effects in motor co-ordination or behaviour (Taniguchi et al. 1997; Boyce
et al. 1999). A good separation was also reported for (+/−)-Ro 25–6981 (Boyce
et al. 1999), indicating that NR2B-selective antagonists may also have clinical
utility for the treatment of neuropathic and other pain conditions in man with
a reduced side-effect profile (Chizh et al. 2001).

Recent data also indicate that peripheral NMDA receptors are involved in in-
flammatory somatic and visceral pain (Leem et al. 2001). Peripheral glutamate
receptors are associated with unmyelinated axons (Carlton et al. 1995), and the
number of somatic sensory axons containing ionotropic glutamate receptors
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increases during peripheral sensitization due to inflammation (Carlton and
Coggeshall 1999; Coggeshall and Carlton 1999). Immunohistochemical studies
indicate that NR1 subunits are expressed on the cell bodies and peripheral
terminals of primary afferent nerves innervating the colon and may provide
a novel mechanism for development of peripheral sensitization and visceral
hyperalgesia (McRoberts et al. 2001).

Evidence from experimental pain research has revealed that mGluRs play
a pivotal role in nociceptive processing, inflammatory pain and hyperalgesia.
mGluRs have been implicated in dorsal horn neuronal nociceptive responses
and pain associated with short-term inflammation (Neugebauer 2002) as well
as its emotional component involving limbic structures such as the amygdala
(Han et al. 2004).

Peripheral group II mGluRs reduce inflammation-induced mechanical al-
lodynia and may mediate endogenous anti-allodynia effects, which speed re-
covery from inflammation-induced hypersensitivity (Yang and Gereau 2003).
mGluR subtypes are differentially expressed in spinal cord dorsal horn in re-
sponse to persistent inflammation (Dolan et al. 2003). Recent findings suggest
that the induction of LTP in the spinal dorsal horn by high-frequency, high-
intensity stimulation of afferent C fibres requires the activation of mGluR1/5
(Azeku et al. 2003). Antisense oligonucleotide knockdown of spinal mGluR(1)
attenuates thermal hyperalgesia and mechanical allodynia in rats injected with
CFA in one hindpaw, suggesting a role for mGluR(1) in persistent inflammatory
nociception (Fundytus et al. 2002). Group I mGluR antagonism, and Group II
or III mGluR agonism, can effectively decrease the development of mechanical
and cold hypersensitivity associated with chronic constriction injury (CCI) in
rats. The results can be interpreted to suggest that activation of spinal group I
mGluRs contributes to spinal plasticity leading to the development of neu-
ropathic pain, and that this effect is offset by activation of groups II and III
mGluRs (Fisher et al. 2002).

4.14
Addiction

It is believed that phenomena such as sensitization, tolerance and drug-
dependence might also involve synaptic plasticity. In fact, numerous studies
indicate that NMDA receptor antagonists block sensitization to amphetamine
and cocaine as well as tolerance and dependence to ethanol and opioids in an-
imal models (Trujillo and Akil 1991; Pasternak and Inturrisi 1995; Trujillo and
Akil 1995; Mao 1999). Recent studies indicate that the uncompetitive NMDA
receptor antagonists dextromethorphan, memantine and neramexane not only
prevent the development of morphine tolerance, but also reverse established
tolerance in the continuing presence of this opioid, prevent the expression of
withdrawal symptoms in rats (Popik and Skolnick 1996; Popik and Danysz
1997; Popik and Kozela 1999; Houghton et al. 2001) and attenuate the expres-
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sion of opioid physical dependence in morphine-dependent humans elicited
by administration of naloxone (Bisaga et al. 2001). Likewise, systemically active
glycineB antagonists attenuate both physical dependence to morphine and the
development of tolerance to the antinociceptive effects of opioids following
repeated administration (Pasternak and Inturrisi 1995; Popik et al. 1998; Be-
lozertseva et al. 2000a; Belozertseva et al. 2000b; for review see Danysz and
Parsons 1998).

Under certain conditions NMDA receptor antagonists (e.g. dizocilpine) in-
hibit sensitization (locomotor response) to repetitive administrationof cocaine
(Carey et al. 1995; see Karler and Calder 1992; Sripada et al. 2001). The sensi-
tization to cocaine in rats seems to be related to an increase in AMPA receptor
sensitivity in the nucleus accumbens and an increased glutamate release in
response to cocaine challenge (Pierce et al. 1996). NMDA receptor antago-
nists block the acquisition of cocaine-induced place preference, but not its
expression (Cervo and Samanin 1995). Also, established self-administration of
cocaine, and its development in rats is decreased by dextromethorphan (Pul-
virenti et al. 1992; Ranaldi et al. 1997), probably through blockade of NMDA
receptors in the nucleus accumbens (Pulvirenti et al. 1992). A recent study
identified group II mGluRs as a pharmacotherapeutic target for craving and
relapse prevention associated with cocaine cue exposure (Baptista et al. 2004).

In the nucleus accumbens, a key structure for the effects of all addictive
drugs, presynaptic cannabinoid CB1 receptors and postsynaptic mGluRs play
a pivotal role in LTD (Marsicano et al. 2002; Azad et al. 2004). Also, in the CA1
region of the hippocampus activation of postsynaptic group I metabotropic
glutamate receptors evoked LTD and the release of endocannabinoids from
pyramidal cells. Since the effect of the mGluR agonist was still present in the
CB1 knockout mouse, it is suggested that endocannabinoids, acting on a non-
CB1 cannabinoid receptor, contribute to the depression of mGluR induced LTD
(Rouach and Nicoll 2003).

A single in vivo cocaine administration abolishes endocannabinoid-depen-
dent LTD. This effect of cocaine was not present in mice lacking D1 dopamine
receptors and was blocked by a selective D1 receptor and NMDA receptor
antagonist, suggesting the involvement of D1 and NMDA receptors (Fourgeaud
et al. 2004).

Ethanol is an NMDA receptor antagonists (e.g. Mirshahi and Woodward
1995) and the affinity is within the range seen in the brains of alcohol abusers.
It has been suggested that the effects of ethanol may be related to selective
actions at NR2B receptors (Yang et al. 1996; Lovinger and Zieglgansberger
1996; Follesa and Ticku 1996; Smothers et al. 2001).

A post-mortem study on the brains of alcoholics showed a modest increased
binding for [3H]glutamate and [3H]CGP-39653—a competitive NMDA recep-
tor antagonist (Freund and Anderson 1996). In humans with a history of alco-
hol abuse, an increase in immunoreactivity toward AMPA GluR2 and GluR3
subunits was also found (Breese et al. 1995). In rodents lacking functional
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corticotropin-releasing hormone (CRH)1 receptors, the delayed and enhanced
stress-induced alcohol drinking was associated with an upregulation of NR2B
subunits (Sillaber et al. 2002).

Blockade of NMDA receptors inhibits some aspects of alcohol dependence.
Memantine given before ethanol administration prevented the development
of ethanol dependence induced by intragastric administration of ethanol, sup-
porting the notion that NMDA receptors are involved in the development of
ethanol dependence (Kotlinska 2001). In an alcohol ‘craving’ model, meman-
tine and neramexane infused s.c. failed to change alcohol intake under normal
conditions, but completely inhibited alcohol consumption during the relapse
phase (Holter et al. 1996; Holter et al. 2000). There are several possibilities how
NMDA receptor antagonists exert this effect: (1) produce alcohol-like effects—
memantine shows partial generalization to the ethanol cue in rats trained to
discriminate ethanol (Bienkowski et al. 1997; Hundt et al. 1998); (2) block
recognition of the alcohol cue; (3) inhibit association of environmental cues
with alcohol use; or, (4) block the reinforcing action of ethanol. Neramexane
is currently in phase II clinical trials for alcohol dependence.

Acamprosate has been approved as an anti-craving drug in most European
countries for several years and most recently also in the USA. Acamprosate and
theopioid receptor antagonistnaltrexone represent thefirst agents to showpos-
itive results in properly conducted clinical trials (Littleton and Zieglgänsberger
2003). The pharmacology of acamprosate is still poorly understood. It has been
reported that acamprosate modulates NMDA receptor function after binding
to a spermidine-sensitive site (Naassila et al. 1998). Unexpectedly, in a recent
patch clamp study, acamprosate reversed polyamine potentiation on NMDA-
or glutamate-induced currents only in a subset of cultured neurons (Popp and
Lovinger 2000). Studies performed in cultured hippocampal neurons and in
Xenopus oocytes or HEK-293 cells expressing NR1a/2A and NR1a/2B receptor
assemblies were also unable to show any interaction of acamprosate with the
polyamine site or influence on agonist affinity (Rammes et al. 2001). However,
in this same study, acamprosate produced similar increases in NR1 and NR2B
receptor expression in vivo to those seen following acute treatment with di-
zocilpine or memantine, indicating that acamprosate may produce changes in
the CNS that are similar to those seen following NMDA receptor antagonists,
and these changed may, in turn, underlie the effects of both kinds of drugs in
the treatment of alcohol abuse.

4.15
Anxiety

Various compounds that decrease glutamatergic transmission via blockade of
NMDA or group I mGlu receptors produce anxiolytic- and antidepressant-
like actions in animal tests and models. Anxiolytic activity resulting from
NMDAreceptor antagonism was reported as early as 1986 (Bennett and Amrick
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1986; Stephens et al. 1986). Later, anxiolytic activity of uncompetitive and
competitive NMDA receptor antagonists have been shown in the conflict test,
social interaction test, elevated plus maze, separation-induced vocalization in
rat pups and by blockade of fear potentiated startle (see Danysz and parsons
1998). Similarly, partial agonists of the glycineB site have been shown to posses
anxiolytic potential. However, this effect is not seen in all animal models and
is not related to intrinsic activity of these agents (Karcz-Kubicha et al. 1997).
Moreover, full antagonists of the glycineB site showing good penetration to the
brain (Licostinel; MRZ 2/576, L-701,324) failed to show a consistent anxiolytic
profile (Wiley et al. 1995; Karcz-Kubicha et al. 1997). Moreover, there is no
good reason to believe that NMDA receptor antagonists will be better than
classical anxiolytic agents such as benzodiazepines.

More promising preclinical data have been generated with the competi-
tive metabotropic mGluR2 agonist LY-354740 (Chojnacka-Wojcik et al. 2001).
This compound seems to cause only mild sedation in mice, does not disturb
motor coordination and has no potential to cause dependence. Therefore,
similar ligands or positive modulators of mGluR2 receptors may become the
anxiolytics of the future, free from the side-effects characteristic of benzo-
diazepine. However, this enthusiasm might be dampened by problems with
ADME (absorption, distribution, metabolism, excretion). Recently, structure–
activity relationship studies led to the discovery of a new, orally active mGlu5
receptor antagonist with anxiolytic activity (Roppe et al. 2004). In addition,
highly potent orally active group II and group III mGluR agonists have proved
to effective in animal models for anxiety and psychosis (Palucha et al. 2004; Col-
lado et al. 2004). Metabotropic glutamate receptors (mGluRs) have also been
implicated in regulating anxiety, stress responses and the neurobehavioural
effects of psychostimulants, suggesting group II mGluRs as a pharmacother-
apeutic target for craving and relapse prevention associated with cocaine cue
exposure (Baptista et al. 2004).

4.16
Schizophrenia

Several lines of evidence have implicated NMDA receptor hypofunction in the
pathophysiology of schizophrenia. The administration of certain, but not all,
uncompetitive NMDA receptor antagonists exacerbates psychotic symptoms
in schizophrenics and mimics schizophrenia in non-psychotic subjects (Coyle
et al. 2003; Konradi and Heckers 2003).

Recent studies have identified abnormalities associated with schizophrenia
that interfere with the activation of the glycine modulatory site of the NMDA
receptor (Coyle and Tsai 2004). Further, the use of NMDA receptor glycine site
agonists such as glycine, d-serine or d-cycloserine in clinical trials has demon-
strated some efficacy in ameliorating the negative symptoms and cognitive
disabilities in schizophrenics (Coyle and Tsai 2004).
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The mGluRs are highly enriched in PFC—a brain region critically involved
in the regulation of cognition and emotion. A disturbance of glutamater-
gic transmission has been suggested to contribute to the development of
schizophrenicpathophysiologybasedprimarilyon theabilityof ionotropicglu-
tamate receptor antagonists to induce schizophrenic-like symptoms. Emerging
evidence suggests that mGluRs are viable drug targets for neuropsychiatric dis-
orders associated with reduced glutamatergic function in the PFC (Marek et al.
2000). Group II mGluR agonists have been reported to reduce the behavioural
and neurochemical effects of phencyclidine (PCP) administration (Olszewski
et al. 2004). PCP administration elicits positive and negative symptoms that
resemble those of schizophrenia and is widely accepted as a model for the
study of this human disorder.

4.17
Depression

In humans, the antidepressant activity of NMDA receptor antagonists has not
been evaluated extensively (Skolnick 1999). In animal models of depression,
NMDA receptor antagonists have been reported to exert positive effects in
most studies (Trullas 1997). This concerns mainly the forced swim test (Maj
1992; Moryl et al. 1993; Przegalinski et al. 1997) and stress-induced anhe-
donia (Papp and Moryl 1994). Amantadine but not memantine was effective
against reserpine-induced hypothermia (Moryl et al. 1993). In the forced swim
test, both amino-adamantanes produced specific antidepressive-like activity
(Moryl et al. 1993).

Possible synergistic interactions between classical antidepressants and un-
competitive NMDA receptor antagonists in the forced swim test were recently
investigated. Fluoxetine, which was inactive when given alone, showed a posi-
tive effect when combined with amantadine, memantine or neramexane, sug-
gesting that the combination of traditional antidepressant drugs and NMDA
receptor antagonists may produce enhanced antidepressive effects (Rogoz et al.
2002). This was proposed to be of particular relevance for antidepressant-
resistant patients. In clinical trials the glutamate release inhibitor lamotrigine
has also been shown to have antidepressant activity (Nikolasjen et al. 1996;
Sporn and Sachs 1997; Eide 2000). In summary, clinical evidence supporting
the antidepressant efficacy of NMDA antagonists is scarce. However, if effec-
tive, NMDA antagonists may show unique rapidity of clinical efficacy. Thus,
further evaluation of this drug class in the treatment of depression would seem
to be reasonable.

Compounds that decrease glutamatergic transmission via blockade of
group I mGluRs produce anxiolytic- and antidepressant-like action in animal
tests and models. In recent studies, group II and III mGluR-agonists that reduce
glutamate release have been suggested to play a role in the therapy of both anx-
iety and depression (Palucha et al. 2004; Chaki et al. 2004). CB1 receptor activa-
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tion reduces both the release and uptake of glutamate in vitro; and both mech-
anisms are dependent on mGluR activation (Brown et al. 2003b). The relevance
of these findings for the anxiolytic properties of cannabis remains to be shown.

5
Summary

At present there seems to be a consensus that competitive AMPA and NMDA
receptor antagonists a low chance of finding therapeutic applications. Antago-
nists showing moderate affinity and satisfactory selectivity for certain NMDA
receptor subtypes seem to have a more favourable profile. From the therapeu-
tic point of view, the real challenge is not only to improve the symptoms of
diseases, but also to interfere with their pathomechanism, i.e. prevent pro-
gression. The most promising symptomatic indications for NMDA receptor
antagonists seem to be various forms of dementia, alcohol abuse, and possibly
some forms of chronic pain such as phantom pain and postoperative pain, in
particularly in combination with opioids. Clinical evidence for neuroprotec-
tive activity of glutamate antagonists in chronic neurodegenerative diseases
is scarce. Results with NMDA receptor antagonists in clinical trials of stroke
and trauma have been very disappointing. Some degree of hope remains for
NR2B-selective NMDA receptor antagonists, AMPA and/or kainate receptor
antagonists and combinations thereof with, for example, additional blockade
of voltage-activated channels.

In terms of clinical proof of neuroprotective effects in chronic neurodegen-
erative diseases, so far there are promising clinical results in ALS only with
riluzole, and even then, the increase of survival obtained was only modest. The
failure of remacemide in a recent study in Huntington’s disease was clearly a big
setback. On the other hand, the moderate-affinity NMDA receptor antagonist
memantineprovides clear symptomatic improvement indementia inboth clin-
ical and preclinical situations, and the preclinical data predict neuroprotective
effects, substantiated by numerous animal models.

AMPA receptor antagonists acting at the 2,3-benzodiazepine modulatory
site seem to have a better safety profile than competitive agents such as NBQX,
probably due to their better solubility and associated reduced side-effects such
as renal toxicity. It is still not clear for which indications they might be useful,
although their effects in animal models of acute and chronic neurodegenerative
diseases look quite promising.

Some of the modulators of glutamate function indeed still have a promising
future as therapeutics for numerous CNS diseases. The importance of gluta-
mate receptors in both physiological and pathological processes emphasizes
the need to develop agents that selectively modulate the latter (Parsons et al.
1999; Hardingham and Bading 2003).
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Abstract The stress-dependence and chronic nature of anxiety disorders along with the
anxiolytic effectiveness of antidepressant drugs suggests that neuronal plasticity may play
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a role in the pathophysiology of anxiety. Intracellular signaling pathways are known in
many systems to be critical links in the cascades from surface signals to the molecular al-
terations that result in functional plasticity. Chronic antidepressant treatments can regulate
intracellular signaling pathways and can induce molecular, cellular, and structural changes
over time. These changes may be important to the anxiolytic effectiveness of these drugs. In
addition, the signaling proteins implicated in the actions of chronic antidepressant action,
such as cAMP response element binding protein (CREB), have also been implicated in con-
ditioned fear and in anxiety. The cellular mechanisms underlying conditioned fear indicate
roles for additional signaling pathways; however, less is known about such mechanisms in
anxiety. The challenge to identify intracellular signaling pathways and related molecular
and structural changes that are critical to the etiology and treatment of anxiety will further
establish the importance of mechanisms of neuronal plasticity in functional outcome and
improve treatment strategies.

Keywords Antidepressant · Calcium signaling · cAMP · cGMP–NOS signaling · CREB ·
Fear conditioning

1
Introduction

Anxiety disorders can develop as a result of exposure to stress and can be
chronic in nature, suggesting the relevance of experience-dependent processes
andpersistent functional alterations in theetiologyof anxiety.Time-dependent
adaptive processes might also be important in the treatment of anxiety. The
regulation of intracellular signaling mechanisms and associated regulation of
gene expression has been suggested to underlie the time-dependent effects of
several classes of drugs including antidepressants and addictive drugs (Du-
man et al. 2000; Nestler et al. 2002). Antidepressant drugs are effective upon
chronic, but not after acute administration for the treatment of both depres-
sion and anxiety, suggesting that drug-induced plasticity may contribute to the
effectiveness of these drugs in both types of affective disorders (Duman et al.
2000; Manji et al. 2001). Chronic antidepressant treatment is known to regulate
intracellular signaling pathways and can induce cellular, molecular, and struc-
tural changes over time (Duman et al. 2000; Nestler et al. 2002). This chapter
will discuss intracellular signaling mechanisms that may be important to the
effectiveness of these drugs with the goal of understanding how regulation of
signaling could alter molecular processes important to functional outcome.
In addition, this chapter will discuss components of intracellular signaling
pathways that are critical to conditioned fear and provide examples of regula-
tion of intracellular signaling that might be important to the actions of other
classes of drugs effective in the treatment of anxiety, including γ-aminobutyric
acid (GABA)-A/benzodiazepine receptor ligands and corticotrophin releasing
factor (CRF) receptor antagonists. Understanding the critical signaling mecha-
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nisms that contribute to neuronal plasticity and functional outcome will allow
for the targeting of novel anxiety treatments to cellular processes that might
be more directly responsible for the development and persistence of anxiety
than are the more nonspecific targets of existing anxiety medications.

2
Overview of Anxiety-Induced Signal Transduction and Neural Plasticity

Exposure to situations that cause anxiety and/or stress results in activation
of many neurotransmitter and neuropeptide systems. The actions of these
extracellular signaling systems are subsequently mediated by activation of
metabotropic (i.e.,Gprotein-coupledreceptorsofmanyclasses) and ionotropic
receptors for amino acid neurotransmitters (i.e., γ-amino butyric acid and glu-
tamate). The metabotropic receptors in turn result in activation of intracellular
signal transduction cascades, including the cyclic adenosine monophosphate
(cAMP), cyclic guanosine monophosphate (cGMP), inositol triphosphate (IP3)
and diacylglycerol pathways. Ionotropic receptors gate ions (e.g., Cl−, Na+,
and Ca2+) that influence the charge of neurons but that also lead to regulation
of signaling cascades. In most cases the activity of these signaling systems
occurs via regulation of protein phosphorylation. This occurs through the ad-
dition (via protein kinases) or the removal (via phosphatases) of phosphate
groups from target proteins. In addition, neurotrophic factors and cytokines
act on transmembrane receptors that contain extracellular binding sites and
intracellular kinase domains that can directly phosphorylate target proteins.
These intracellular signal systems ultimately influence all aspects of neuronal
function including rapid effects via regulation of ion channels, and short- and
long-term modulatory effects, including regulation of gene expression. These
signal cascades and the way that neuronal systems are altered when they are
regulated by external stimuli represent a form of neural plasticity that under-
lies the ability of an organism to respond to the same or related stimuli in
the future. This section will provide a brief overview of the common signal
transduction cascades that are influenced by anxiety and stress.

2.1
G Protein-Coupled Pathways

There are several intracellular second messengers that are activated by metabo-
tropic receptors, also referred to as G protein-coupled receptors (Duman and
Nestler 1999). These receptors couple with G proteins that are heterotrimers
madeupof α-,β- andγ-subunits. Interactionof theGproteinheterotrimerwith
activated receptor increases the exchange of guanosine triphosphate (GTP) for
bound guanosine diphosphate (GDP), resulting in dissociation of the het-
erotrimer into free α and βγ subunits that in turn can regulate second messen-
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ger effectors (Fig. 1). After activation of effector proteins, the intrinsic GTPase
activity in the Gα subunits hydrolyzes GTP to GDP and promotes the associa-
tion of the Gα with the Gβγ subunits. In many cases the Gα subunits interact
with effector proteins to regulate the synthesis of second messengers; however,
the free βγ subunits can also influence second messenger production. In addi-
tion to regulation of second messengers, G proteins can also directly regulate
certain types of ion channels, notably activation of inward rectifying K+ chan-
nels (GIRKs) and inhibition of voltage-gated Ca2+ channels. It is important to
remember that the type of second messengers and/or ion channels regulated
depends on the cell type and the complement of signaling machinery expressed
in that particular cell. This section will discuss a few of the best-characterized
second messenger pathways and ones most relevant to anxiety and stress.

2.1.1
cAMP Second Messenger Cascade

One of the best-characterized effectors and second messenger systems is the
cAMP cascade that can be either activated or inhibited by neurotransmit-
ter/neuropeptide receptors, including those implicated in anxiety/stress such
as CRF. Receptors that activate cAMP synthesis couple with the stimulatory G
protein, Gsα, and those that inhibit this second messenger couple with the
inhibitory G protein, Giα, and these either stimulate or inhibit adenylyl cy-
clase, the effector enzyme responsible for synthesis of cAMP (Duman and
Nestler 1999). There are at least nine different forms of adenylyl cyclase that
have been identified by molecular cloning, each with a unique distribution in
the brain. The different types of adenylyl cyclase are activated by Gsα as well
as the diterpene forskolin, but are differentially regulated by Giα, the βγ sub-
units, Ca2+, and by phosphorylation. This provides for fine control of adenylyl
cyclase enzyme activity and regulation by other effector pathways.

The actions of cAMP occur almost exclusively via regulation of cAMP-de-
pendent protein kinase (PKA), which consists of catalytic and regulatory sub-
units (Nestler and Duman 1999). There are three different isoforms of the cat-
alytic subunit and four isoforms of the regulatory subunit. In the inactive state,
in the absence of cAMP, PKA exists as a dimer of two catalytic and two regula-
tory subunits. Upon binding of cAMP to the regulatory subunits, the catalytic
subunits are released and can phosphorylate substrate proteins. The types of
cellular proteins that serve as substrates for PKA include metabolic enzymes,
receptors, ion channels, effector proteins, and gene transcription factors.

The actions of cAMP are terminated by phosphodiesterases (PDEs) that
catalyze the breakdown of cAMP to 5′-AMP (Duman and Nestler 1999). There
are at least 11 different forms of PDEs that are characterized based on their
affinity and selectivity for cAMP, as well as cGMP. In addition, the PDEs are dif-
ferentially regulated by the cyclic nucleotides themselves, by phosphorylation,
and by increased expression of certain splice variants (e.g., some isoforms are
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Fig. 1 Schematic diagram of the major second messenger pathways in the brain. Gs and Gi/o
couple with neurotransmitter receptors (R) and mediate activation or inhibition of adeny-
lyl cyclase, the enzyme that catalyzes the synthesis of cAMP. Also shown is the ability of
G protein βγ subunits that are released from any type of G protein, or Ca2+/calmodulin, to
stimulate or inhibit different forms of adenylyl cyclase. Gq and possibly Gi/o underlie the
ability of neurotransmitter receptors to regulate phospholipase C (PLC), which metabolizes
phosphatidylinositol (PI) into the second messengers inositol triphosphate (IP3) and diacyl-
glycerol (DAG). IP3 then acts on specific IP3 receptors (IP3R) to increase intracellular levels
of free Ca2+ by releasing Ca2+ from internal stores. Increased levels of intracellular Ca2+ also
result from the flux of Ca2+ across the plasma membrane through Ca2+ and other ion chan-
nels, which can be stimulated by nerve impulses and certain neurotransmitters. Increased
Ca2+ levels activate nitric oxide synthase (NOS) and increase levels of nitric oxide, which
in turn leads to the activation of cytoplasmic guanylyl cyclase (the enzyme that catalyzes
the synthesis of cGMP). Membrane-bound receptors for certain peptides also have intrinsic
guanylyl cyclase activity. Second messenger cascades produce cellular effects via activation
of specific types of protein kinases. Brain contains one major type of cAMP-dependent pro-
tein kinase and cGMP-dependent protein kinase. These enzymes phosphorylate a specific
array of substrate proteins, which can be considered third messengers. Brain contains two
major classes of Ca2+-dependent protein kinase. One is activated by Ca2+ and calmodulin
and is referred to as Ca2+/calmodulin-dependent protein kinase. The other major class
is activated by Ca2+ in conjunction with DAG and various phospholipids and is referred
to as Ca2+/DAG-dependent protein kinase or protein kinase C. Phosphorylation alters the
physiological activity of substrate proteins and thereby represents the biological responses
of the extracellular messengers

rapidly induced at the level of gene expression). In addition, certain types of
PDEs are regulated by G protein subunits or by Ca2+/calmodulin. As discussed
for the multiple types of cAMP synthesis regulation, the wide range and types
of PDEs provide additional mechanisms for fine-tuning the cellular levels of
these important signaling molecules. The PDEs also represent an important
class of target for the development of a wide range of therapeutic agents. For
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example, rolipram, an inhibitor of cAMP-specific PDE type IV (PDE4) is re-
ported to have efficacy in behavioral models of depression and in clinical trials
(Duman et al. 2000).

2.1.2
cGMP and Nitric Oxide Second Messenger Cascades

The regulation of cGMP formation is very different from cAMP, and there are
two primary mechanisms that have been identified (Duman and Nestler 1999;
Nestler and Duman 1999). One mechanism involves activation of a membrane
receptor that contains intrinsic guanylyl cyclase enzyme activity. There are
a small number of peptides, such as atrial natriuretic factor, that have recep-
tors with intrinsic guanylyl cyclase activity. The more common mechanism for
formation of cGMP is via activation of cytosolic guanylyl cyclase. Cytosolic or
soluble guanylyl cyclase is activated by nitric oxide (NO) that is formed by NO
synthase (NOS). There are three major forms of NOS, neuronal, endothelial
and inducible NOS, which are named based on tissue enrichment or mecha-
nism of activation. However, all three forms of NOS are differentially expressed
throughout the brain. NOS is activated by Ca2+ and the Ca2+-binding protein
calmodulin. and activation of neurotransmitter systems that increase the influx
of Ca2+ or release this divalent cation from intracellular stores can activate NOS
and cGMP formation. Like cAMP, the actions of cGMP are mediated by ac-
tivation of cGMP-dependent protein kinase. NOS and cGMP signaling is one
pathway that has been implicated in the anxiogenic actions of benzodiazepines
and nitrous oxide and is discussed in more detail in the following sections.

2.1.3
Ca2+ and Phosphatidylinositol Signaling

Ca2+ is a key signaling molecule in the nervous system and has been implicated
in many regulatory functions and neuronal plasticity, including learning and
memory as well as conditioned fear, as discussed in Sect. 4.1 below. There
are two general mechanisms for regulation of Ca2+ levels that involve either
influx of extracellular Ca2+ or release of Ca2+ from intracellular stores (Fig. 1)
(Duman and Nestler 1999). Influx of Ca2+ occurs through a number of mecha-
nisms, including ionotropic receptors (e.g., activated nicotinic and N-methyl-
d-aspartate or NMDA receptors), G protein-coupled receptor regulation of
GIRKs, and neuronal depolarization which results in activation of voltage-
gated Ca2+ channels. The control of intracellular Ca2+ release occurs primarily
via activation of phospholipase C (PLC). Many types of G protein-coupled re-
ceptors can activate the β-form of PLC via interactions with specific G protein
subtypes, most commonly Gqα but also Giα and Goα. Once activated, PLC
catalyzes the breakdown of phosphatidylinositol into IP3 and diacylglycerol
(DAG), both of which act as second messengers. This second messenger sys-
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tem can influence the release of Ca2+ via activation of IP3 receptors localized
on intracellular organelles such as the endoplasmic reticulum. DAG also acts
as a second messenger, in conjunction with Ca2+, by activation of protein ki-
nase C (PKC) (Nestler and Duman 1999). In addition, Ca2+/calmodulin can
also activate Ca2+/calmodulin-dependent protein kinase (CaMK). There are
multiple forms of both PKC and CaMK with different expression patterns and
mechanisms of regulation (for additional information see Duman and Nestler
1999; Nestler and Duman 1999). As discussed for PKA, PKC and CaMK have
a multitude of substrates spanning all types of cellular proteins and functions.

2.2
Neurotrophic Factor Signaling Pathways

The signaling mechanisms activated by neurotrophic factors, which include
nerve growth factor (NGF), brain derived neurotrophic factor (BDNF) and
neurotrophin-3 (NT-3) are fundamentally different from those discussed for
G protein-coupled receptors and Ca2+ (Russell and Duman 2002). The neu-
rotrophic factorsbind to specific receptors,TrkA,TrkB, andTrkC (thenameTrk
is derived from their identification as troponin/receptor kinases from colon
carcinoma) (Fig. 2). The Trk receptors contain an extracellular binding do-
main, a transmembrane domain, and an intracellular tyrosine kinase domain.
Two neurotrophic factor molecules are required for activation of a Trk receptor
dimer, resulting in activation of the tyrosine kinase domains and phosphory-
lation of substrate proteins as well as autophosphorylation of the Trk receptor
itself.

There are at least three major effector pathways that are activated by
neurotrophic factor–Trk receptors. The best-characterized pathway is the
extracellular-regulated kinase (ERK) cascade, which is regulated by activa-
tion of Ras, a small membrane-bound G protein. Activation of Ras occurs
when activated Trk receptor associates with adaptor proteins and a GTP ex-
change factor (see Russell and Duman 2002 for details). Ras in turn recruits
and activates a serine threonine kinase, Raf, to the membrane resulting in the
activation of ERK kinase (also referred to as MEK) and ERK (also known as mi-
togen activated protein kinase or MAPK). Activation of the Ras-Raf-MEK-ERK
cascade can lead to regulation of many cellular proteins, including ribosomal
S6-kinase (RSK).

Other pathways that are activated by Trk include phospholipase C-γ (PLC-γ)
and phosphatidylinositol-3′-OH-kinase (PI-3-K). As discussed for PLC, PLC-γ
also cleaves phosphatidylinositol into IP3 and DAG, resulting in release of
intracellular Ca2+ and activation of PKC. The mechanisms underlying the
regulation of PI-3-K are not as well characterized. PI-3-K is able to bind phos-
phorylated Trk receptors, but it is more likely that it interacts with another
family of proteins, insulin receptor substrate (IRS) proteins that bind to au-
tophosphorylated Trk receptors. IRS proteins, including IRS1, IRS2, and IRS4
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Fig. 2 Schematic illustration of neurotrophic factor signal transduction pathways in the
brain. This scheme represents the three major signaling pathways that are activated by
Trk-like tyrosine kinase receptors. The ligand, here a neurotrophic factor dimer, binds to its
receptor and activates the tyrosine kinase activity. This results in autophosphorylation of
the receptor as well as other substrate proteins (indicated by P). Phosphorylation also leads
to formation of a protein complex in which docking proteins bind to the autophosphorylated
receptor and are activated. These docking proteins bind to the receptor phosphorylation
sites via srchomologydomain-2 (SH2)domains (i.e., forPLC-γ) orphosphotyrosinebinding
protein (PTB) domains (i.e., for IRS and Shc). The three pathways shown here are: (1) Ras
becomes activated via the stimulation of the GDP/GTP exchange activity of son of sevenless
(Sos), which is in a complex with Shc and Grb2. Activated Ras then turns the extracellular
regulatedkinase (ERK) cascade, includingRaf, ERKkinase (MEK), andERK.ERKs stimulate
many known effectors, including ribosomal S6 kinase (RSK). (2) The phospholipase C-γ
(PLC-γ) pathway leads to the production of inositol triphosphate (IP3) and diacylglycerol
(DAG) and regulation of the IP3 receptor, intracellular Ca2+, and protein kinase C (PKC).
(3) Phosphatidylinositol-3-kinase (PI-3-K) binds to an insulin receptor substrate (IRS)-like
adaptor protein and becomes activated. The IRS protein then interacts with the Trk receptor
and thenactivatesother signalingproteins.ThePI-3-K thenactivatesAKTandp70S6-kinase
(P70S6K). AKT has an anti-apoptotic effect. Each of these pathways then exerts a number
of nuclear and non-nuclear actions with acute and long-term consequences for the cells

that are found in brain, bind to phosphorylated Trk and then the IRS proteins
are phosphorylated themselves on tyrosine residues. PI-3-K then binds to the
phosphorylated IRS tyrosine residues and become activated. The lipid product
of PI-3-K, phosphatidylinositol-3′-phosphate, can then activate other protein
kinases (see Russell and Duman 2002 for details).

2.3
Regulation of Transcription Factors and Gene Expression

Regulation of gene transcription factors by signal transduction pathways rep-
resents one of the primary mechanisms for effecting long-term changes in
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neuronal function. Transcription factors bind to specific sequences of DNA
in the promoter regions of genes and can either increase or inhibit gene ex-
pression. The unique pattern of promoter elements governs the expression
pattern of a particular gene in the adult and during development. There are
two major mechanisms for regulation of transcription factors: activation of
existing transcription factors (usually by phosphorylation) and induction of
transcription factor expression. The best example of the first case is the cAMP
response element binding protein (CREB). CREB is normally expressed and
located in the nucleus, but transcriptional activity is significantly increased
upon phosphorylation. CREB can be phosphorylated and activated by several
different protein kinases discussed in this section, including PKA, PKC, CaMK,
and RSK, underscoring the important role this transcription factor plays in
neuronal function. Other transcription factors, including many members of
the Fos family (i.e., c-Fos), are expressed at very low levels but are rapidly in-
duced by a variety of extracellular stimuli, hence the term immediate early gene
transcription factor. The newly transcribed c-Fos protein is then available to
regulate expression of genes that contain activator protein-1 (AP-1) elements.

3
Cellular Mechanisms of Stress-Induced Structural Plasticity

Chronic or severe stress is a well-known precipitant of some forms of anxi-
ety and depressive disorders, and it is likely that stress-induced alterations in
neuronal plasticity may underlie functional changes. Stress exposure in experi-
mental animals can result in dendritic remodeling and atrophy in hippocampal
CA3 pyramidal neurons (Margarinos et al. 1996; Sousa et al. 2000; Watanabe
et al. 1992) as well as decreased hippocampal volume and neurogenesis (Czeh
et al. 2001; Gould et al. 1997). These findings, along with observations of de-
creased hippocampal volume seen clinically in association with PTSD and
depression (Bremner et al. 1995; Sheline et al. 1996), and the observation
that clinically effective antidepressant treatments can reverse stress-induced
changes in neuronal structure (Magarinos et al. 1999), have suggested the po-
tential relevance of stress-induced structural alterations to affective disorders
(Duman et al. 2000; Manji et al. 2001; Nestler et al. 2002).

As in the hippocampus, dendritic remodeling occurs in the amygdala in re-
sponse to stress exposure (Vyas et al. 2002). However, unlike the hippocampus
where dendritic atrophy occurs, the amygdala shows dendritic hypertrophy in
response to chronic immobilization stress. Exposure to immobilization stress
also results in heightened emotionality in animals. Little is known about the
signaling pathways that underlie the actions of stress in the hippocampus or
amygdala. McEwen and colleagues have reported that decreased hippocampal
neurogenesis by stress is dependent on NMDA receptor activation (i.e., the
decrease is blocked by pretreatment with a NMDA receptor antagonist), which
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suggests that it is Ca2+ dependent (McEwen 1999). However, it is also possible
that this effect of NMDA occurs outside the hippocampus. Activation of the
cAMP-CREB cascade has been shown to increase neurogenesis and dendritic
arborization of hippocampal neurons (Nakagawa et al. 2002). A role for extra-
cellular proteolysis in mediating such structural changes has been suggested,
and the serine protease tissue-plasminogen activator (tPA) has been studied in
learning and activity-dependent plasticity in the hippocampus (Huang et al.
1996; Madini et al. 1999). Extracellular proteolysis mediated by tPA may also
be important in the stress-induced regulation of plasticity including dendritic
remodeling in the amygdala (Pawlak et al. 2003). Increased tPA in the central
and medial nuclei of the amygdala has been shown after acute restraint stress.
Mice in which tPA has been knocked out (tPA−/− mice) lack the stress-induced
phosphorylation of ERK1/2 that is seen in wild-type mice, and stress-induced
increases in GAP-43, which is a presynaptic protein used as a marker of axonal
plasticity, are also absent in tPA−/− mice (Pawlak et al. 2003). Additionally,
stress-induced increases in anxiety behavior do not occur in tPA−/− mice even
though the hypothalamic-pituitary-adrenal (HPA) stress response of these
mice is normal as assessed by corticosterone levels. These results suggest that
tPA acts in the amygdala to facilitate stress-induced anxiety behavior and to
promote cellular mechanisms of plasticity. The amygdala is thought to exert
an excitatory drive on HPA axis function while the hippocampus inhibits the
HPA axis (Allen and Allen 1974; Herman et al. 1989). It is suggested that the
contrasting patterns of dendritic remodeling in response to stress in the amyg-
dala and hippocampus could contribute to dysregulation of HPA axis function
and comprise a candidate cellular substrate for behavioral consequences of
chronic stress exposure.

4
Intracellular Signaling Pathways Involved in Fear Memory

Anxiety represents a state of heightened vigilance and fear, but pathological
anxiety can be distinguished from fear in that it is inappropriately evoked and
may persist in the absence of real threat or danger. The study of conditioned
fear has provided detailed information on the neural circuitry and intracellular
mechanisms that are important to fear responses and their long-termretention.
The description of neural circuitry and the mechanisms underlying disorders
of fear memory such as posttraumatic stress disorder (PTSD) may also be
relevant to other anxiety states that share common neural substrates.

In classical Pavlovian fear conditioning, an initiallyneutral cue (conditioned
stimulus, CS), through temporal pairing with an aversive unconditioned stim-
ulus (US), acquires the ability to elicit a fear response in the absence of the
US. This acquired ability represents a type of associative learning and implies
that plasticity mechanisms underlying fear learning may be similar to those
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underlying other types of learning. Long-term potentiation (LTP) of synap-
tic transmission is favored as a cellular model for the plasticity underlying
associative memory (Bliss and Collingridge 1993; Brown et al. 1988; Martin
et al. 2000), and the cellular mechanisms of LTP are hypothesized to underlie
the plasticity that is responsible for associative fear memory formation in the
amygdala (Blair et al. 2001; Chapman et al. 1990; Huang and Kandel 1998;
Rogan and LeDoux 1995; Schafe et al. 2001). Here we summarize the cellular
mechanisms that are thought to be relevant to LTP and fear memory, including
intracellular signaling involving cAMP–CREB, Ca2+/calmodulin kinase, and
MAPK pathways.

The lateral nucleus of the amygdala (LA) is the primary termination site for
afferent pathways to the amygdala that carry sensory information used during
fear conditioning, and the LA has been implicated as a critical site for the
convergence of sensory information and for plasticity mechanisms underlying
fear learning (LeDoux 2000; Schafe et al. 2001). Commonality between LTP and
fear conditioning is suggested by the similarity in the enhancement of synaptic
transmission in the sensory input pathways after fear conditioning and after
artificial induction of LTP and by their similar sensitivities to stimulus con-
tingencies (Bauer et al. 2001; McKernan and Shinnick-Gallagher 1997; Rogan
et al. 1997).

4.1
Fear Conditioning and Ca2+-Signaling

Calcium is an important mediator of neuronal plasticity and increased intra-
cellular Ca2+ is a key intermediate in activity-induced activation of protein
kinases in many systems. Regulation of Ca2+ signaling in the amygdala ap-
pears to be important for fear memory, and dependence on NMDA receptors
and voltage-gated calcium channels (VGCC) has been demonstrated for fear
conditioning and for LTP in the amygdala. The acquisition of fear conditioned
responses is inhibited by NMDA receptor blockade (Campeau et al. 1992;
Fanselow and Kim 1994; Miserendino et al. 1990) and this can be shown with
a NR2B subunit-specific antagonist that does not appear to disrupt normal
synaptic transmission (Rodrigues et al. 2001). Mice with regulated expression
of a CaMKII transgene or that are deficient in a CaMKII or CaMKIV signaling
have impaired long-term memory of fear conditioning (Kang et al. 2001; May-
ford et al. 1996; Silva et al. 1996). Bauer et al. (2002) have shown that blocking
NMDA receptors in the LA impairs both short- and long-term fear memory,
while blockade of VGCCs selectively impairs long-term fear memory. LTP in
the LA also depends on Ca2+ entry, and both VGCC-dependent and NMDA
receptor-dependent components have been demonstrated (Bauer et al. 2002;
Huang and Kandel 1998; Weisskopf et al. 1999). Bauer et al. (2002) demon-
strate distinct NMDA receptor and VGCC-dependent forms of LTP in the LA
in vitro and suggest that a combination of both contribute to the formation of



316 C.H. Duman and R.S. Duman

fear memories in vivo. LeDoux and colleagues (Bauer et al. 2002; Blair et al.
2001; Schafe et al. 2001) have described cellular events during fear conditioning
as including calcium entry through both NMDARs and L-type VGCCs in LA
principal cells as a result of the associative pairing of CS and US. They suggest
involvement of Ca2+ entry through NMDA receptors in short-term memory
(STM), and Ca2+ entry through L-type VGCCs as critical to processes involved
in long-term fear memory formation.

4.2
Fear Conditioning and cAMP-Signaling

cAMP signaling is important to many forms of neural plasticity including
learning and memory (Silva et al. 1998), and evidence suggests that this sig-
naling pathway is an regulator of the RNA and protein synthesis that regulate
long-term fear memory and late-phase LTP in the amygdala. As with other
forms of memory, fear memory can be divided into two temporal phases;
short-term (STM), which is protein synthesis independent and a long-lasting
form, which requires RNA and protein synthesis (Davis and Squire 1984). LTP
similarly occurs in distinct temporal phases also with only the late phase (L-
LTP) requiringmacromolecular synthesis (Huanget al. 1994;Kandel 1997).The
consolidation of fear memory but not STM, is blocked by inhibitors of protein
synthesis or PKA (Bourtchuladze et al. 1998; Schafe et al. 1999), and this has
been shown specifically in the lateral/basolateral amygdala (Schafe and LeDoux
2000). Long-term fear conditioning is enhanced when concentrations of cAMP
are experimentally increased by the PDE inhibitor rolipram (Barad et al. 1998).
PKA is also implicated in LTP. PKA is important in hippocampal L-LTP (Frey
et al. 1993; Nguyen and Kandel 1996; Roberson and Sweatt 1996), and expres-
sion of L-LTP in the amygdala has likewise been shown to involve PKA (Huang
et al. 2000). Selective reductions in the long-term forms of conditioned fear
memory and LTP were shown in transgenic mice with reduced hippocampal
PKA activity (Abel et al. 1997). The reduced PKA activity had no effects on STM
or early-phase LTP, supporting the involvement of PKA-dependent processes
specifically in protein synthesis-dependent phases. Another fear memory task,
inhibitory avoidance, is also sensitive to modulation of cAMP signaling. Long-
term but not short-term memory of an inhibitory avoidance task is modulated
by D1/D5 receptor cAMP signaling in the hippocampus, also supporting a role
for cAMP/PKA signaling in long-term fear memory (Bernabeu et al. 1997).

PKC signaling is also involved in the plasticity underlying fear learning and
memory. Inhibition of PKC in rats impairs acquisition of fear conditioning
(Goosens et al. 2000; Li et al. 2002) and mice with a knockout of the isoform of
protein kinase C have deficient cued and contextual fear conditioning (Weeber
et al. 2000). Inhibitors of PKC also block LTP (Malinow et al. 1989; Reyman
et al. 1988).
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CREB mediates experience-dependent plasticity in a variety of systems in-
cluding a role in learning and memory (Silva et al. 1998), and this transcription
factor is implicated in the translation of cAMP signaling into changes in the
expression of genes that participate in fear memory consolidation. The phos-
phorylation of CREB and CRE-mediated transcription are associated with
long-term memory and occur during fear conditioning (Bernabeu et al. 1997;
Impey et al. 1998). An early phase of CREB phosphorylation occurs after fear
conditioning, which may be a result of stress exposure, while a later phase
is thought to relate to memory consolidation (Stanciu et al. 2001). CREB is
also activated by LTP-inducing stimulation (Impey et al. 1996). Studies using
viral vector-mediated overexpression of CREB in the amygdala showed CREB-
dependent facilitation of long- but not short-term memory of fear-potentiated
startle (Josselyn et al. 2001). Studies of mutant mice with deletions of CREB
isoforms indicate that CREB function is required for intact long-term fear
memory, while acquisition and STM are not altered (Bourtchuladze et al. 1994;
Kogan et al. 1996). Transgenic mice that express an inducible CREB repressor
also show a role for CREB in determining fear memory consolidation (Kida
et al. 2002). These studies suggest that CREB-induced initiation of transcrip-
tional changes as a result of fear experience are critical to the regulation of gene
expression underlying fear memory. This function of CREB may be similar to
its role in other forms of learning and memory in that it translates intra-
cellular signaling changes resulting from neuronal activity into regulation of
transcription within the nucleus. Other signaling pathways that regulate fear
memory such as those involving CaMK and MAP kinase can also activate
CREB, and their effects on fear memory may be partially due to regulation of
CREB-dependent transcription.

4.3
Fear Conditioning and MAP Kinase Signaling

ERK/MAPK are activated by fear conditioning and following stimulation that
induces L-LTP (Atkins et al. 1998; English and Sweatt 1996). Blockade of
ERK/MAPK signaling in the amygdala impairs fear conditioning (Schafe et al.
2000) and also impairs L-LTP (English and Sweatt 1997; Huang et al. 2000). Evi-
dence from mutant mice also suggests that Ras-GRF signaling via the Ras/MAP
kinase pathway may be involved in the formation of long-term fear memory in
theamygdala.Mice that lack theneuronal-specificexchange factorRas-GRFare
impaired in avoidance and fear conditioning tasks that require the amygdala
but perform hippocampal-dependent behavioral tasks normally (Brambilla
et al. 1997). These mice also show abnormal LTP in the basolateral amygdala
(Brambilla et al. 1997). The involvement of MAPK signaling in fear memory
further supports a role for MAPK signaling in mechanisms of plasticity that
underlie a variety of types of learning and memory (Berman et al. 1998; Blum
et al. 1999; Selcher et al. 1999; Sweatt 2001). PI-3-K is another intracellular
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transducer of growth factor signaling and it plays a role in the regulation of
cell survival (Miller et al. 1997; Yao and Cooper 1995). PI-3-K is selectively
activated in the amygdala following fear conditioning and after LTP-inducing
tetanic stimulation (Lin et al. 2001). Inhibition of PI-3-K impairs fear memory
and LTP, and blocks the activation of MAPK and CREB phosphorylation in-
duced by tetanic stimulation, forskolin or fear conditioning (Lin et al. 2001).
This suggests that a mechanism for PI-3-K involvement in fear conditioning
might be through the activation of CREB and MAPK.

A model for the cellular processes underlying fear memory formation in
the LA has been suggested by LeDoux and colleagues and is depicted in Fig. 3

Fig. 3 A model for the cellular processes underlying fear memory formation in the lateral
amygdala. Calcium entry through NMDA receptors (NMDA-R) and L-type voltage gated Ca
channels (VGCC) is thought to occur in the lateral amygdala principal cells as a result of
the associative pairing of a conditioned stimulus (CS) and an unconditioned stimulus (US).
Ca2+ entry through NMDA receptors may contribute to STM. Ca2+ entry through L-type
VGCCs and the consequent activation of protein kinases including PKA, CaM kinases and
ERK/MAP kinases contribute to CREB phosphorylation and CREB-dependent gene expres-
sion. Intermediate steps going from Ca2+ to PKA/MAPK have not been fully elucidated,
although several different cascades have been demonstrated in cell lines. The resulting
changes in RNA and protein synthesis are thought to be responsible for the synaptic and
behavioral plasticity that is experimentally observed as LTP and conditioned fear memory
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(Bauer et al. 2002; Blair et al. 2001; Schafe et al. 2001). Calcium entry through
NMDARs and L-type VGCCs is thought to occur in LA principal cells as a result
of the associative pairing of a CS and US. Ca2+ entry through NMDA receptors
may contribute to STM. Ca2+ entry through L-type VGCCs and consequent
activation of protein kinases including PKA, CaMK, and ERK/MAP kinase are
thought to contribute to CREB phosphorylation and CREB-dependent gene
expression (Deisseroth et al. 1998; Mermelstein et al. 2000; Dolmetsch et al.
2001; Hardingham et al. 2001). The resulting changes in RNA and protein syn-
thesis are thought to be responsible for the synaptic and behavioral plasticity
that is experimentally observed as LTP and conditioned fear memory.

4.4
Extinction of Fear Memory

The extinction of fear memory occurs when a CS is presented without pair-
ing with a US and results in a gradual decrement in conditioned responding.
Extinction is thought to be an active process utilizing mechanisms similar to
those involved in the acquisition of conditioned fear. Extinction is facilitated by
enhanced signaling via NMDA receptors, PKA, MAPK, and CaMKII (Falls et al.
1992; Lu et al. 2001; Miserendino et al. 1990; Szapiro et al. 2003; Vianna et al.
2001), suggesting mechanistic similarities with long-term fear memory forma-
tion. Phosphatase activity may also be important in memory consolidation and
extinction (Mansuy et al. 1998). Fear training induces phosphorylation of spe-
cific protein substrates and extinction training is accompanied by a reduction
in this phosphorylation and increased phosphatase activity (Lin et al. 2003).
These authors have suggested a role of calcineurin and have shown that inhi-
bition of calcineurin impairs the extinction of fear memory and prevents the
dephosphorylation of specific protein substrates. They suggest that Ca2+ influx
through NMDA receptors in the amygdala during extinction training results
in increased intracellular Ca2+ and consequent activation of protein kinases
such as PI-3-K and MAPK. Subsequent activation of CREB and/or other tran-
scription factors could promote calcineurin synthesis resulting in decreased
phosphorylation of specific substrates, thereby weakening fear memory.

4.5
Modulation of Fear Learning

The work of McGaugh and colleagues on inhibitory avoidance (IA) memory
has demonstrated that this memory can be modulated by mediators of the
stress response including substances that are normally released by arousal,
such as norepinephrine (NE), epinephrine, and glucocorticoids (reviewed in
McGaugh et al. 2000). The effects of peripheral epinephrine and glucocor-
ticoids on storage of IA memory are mediated by the release of NE in the
amygdala consequent to the actions of these substances in the brain stem.
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Other substances that exert modulatory influences on IA memory such as opi-
oids or GABAergics also regulate consolidation of IA memory by regulating
NE within the amygdala. Within the amygdala, the basolateral complex (BLA)
has been implicated in mediating the neuromodulatory influences on memory
storage. These studies have indicated that the amygdala is necessary for mod-
ulatory influences but does not appear to be a critical site for the consolidation
of IA memory (Cahill and McGaugh 1998).

Signaling mechanisms involved in the modulation or consolidation of IA
memory include activation of adenylyl cyclase (AC) through direct coupling
with Β adrenergic receptors, and α1 adrenergic receptor activity in the BLA
may facilitate this effect (McGaugh et al. 2000). The activation of CaMKII in
the amygdala and hippocampus appears to participate in the consolidation
of IA memory, and may interact with PKA-dependent mechanisms in the
hippocampus (Barros et al. 1999; Wolfman et al. 1994).

The ways in which learning and memory mechanisms are recruited by fear-
inducing stimuli as well as knowledge about how a conditioned cue can come
to lose its ability to elicit a fear response are of great significance to strategies
for the clinical management of anxiety states, and may be particularly relevant
to PTSD. Continued investigation of the intracellular/molecular mechanisms
that allow fear responses to come under the control of cues in the environment
and the elements that are critical to the persistence of such responses will help
define new, more selective targets for pharmacological intervention.

5
Intracellular Signaling Pathways Involved in Anxiety

The cAMP/PKA pathway is the most studied signaling system with respect to
long-term functional changes induced by drugs of a variety of classes and is
also implicated in functional alterations induced by some anxiolytic drugs.
cAMP-dependent pathways may also regulate experience-dependent plasticity
mechanisms that promote anxiety. An example in support of this comes from
knockout mice that are deficient in the AC8 isoform of adenylyl cyclase. AC8
is a calcium-stimulated AC that is normally present in brain areas involved in
neuroendocrineandbehavioral responses to stress suchas thalamus,habenula,
and paraventricular nucleus (PVN). AC8 knockout mice do not show the
typical stress-induced increase in anxiety and do not have the stress-induced
increases in phosphorylation of CREB seen in wild-type mice after restraint
stress, suggesting that AC8 is required for these stress responses (Schaefer
et al. 2000). Hippocampal LTD is also reduced in these mice. AC8 activation
and consequent regulation of CREB-dependent genes could transduce changes
in intracellular Ca2+ that occur after stress exposure which alter the induction
of LTD and modify behavioral function (Schaefer et al. 2000).
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Regulation of the cAMP-PKA pathway might also be important in the mod-
ulation of anxiety by CRF receptors. Clinical observations and the known role
for CRF in the stress response have suggested that CRF might be important
to stress-induced anxiety disorders and their treatment (Koob and Heinrichs
1999; Nemeroff et al. 1984; Vale et al. 1981). CRF activates Gs and cAMP sig-
naling in hippocampus (Chen et al. 1986; Huag and Storm 2000). CRF-induced
activation of the cAMP-PKA pathway can occur via interaction with Gs, Gq/11,
and Gi; however, CRF-induced activation of the PLC-PKC path (via interaction
with Gq/11) can also occur depending on the mouse strain (Blank et al. 2003).
CRF-induced increases in hippocampal neuronal activity can occur via PKC or
PKA also in a strain-dependent manner (Blank et al. 2003). The extent to which
different subtypes of CRF receptors vs differential coupling of a given receptor
are responsible for the differential activation of AC and PKC is unknown. Acti-
vation of these signaling pathways by CRF receptors could provide a basis for
cellular and molecular plasticity that regulates behavioral responses to stress.
Dysfunction or loss of plasticity in these pathways could lead to inappropriate
responses to stress exposure.

6
Intracellular Signal Transduction Pathways in the Treatment of Anxiety

The most commonly prescribed treatments for anxiety are benzodiazepines
and antidepressants. These therapeutic agents have very different mecha-
nisms of action, time course of effect and side effect profiles. Benzodiazepines
enhance the responsiveness of GABA, the major inhibitor neurotransmitter
in the brain, by binding to the GABA/benzodiazepine (GABA/BZ) receptor
complex. This results in rapid anxiolytic activity in rodent models and in
humans, but can be accompanied by sedation. Antidepressants most often
used for anxiety include the serotonin selective reuptake inhibitors (SSRIs),
which block the serotonin (5-HT) transporter and increase synaptic levels
of this monoamine. However, the therapeutic action of antidepressants for
the treatment of anxiety, as well as depression, requires several weeks and
sometimes months. This has led to the widely held hypothesis that adapta-
tions, or neural plasticity changes, to the acute elevation of 5-HT are nec-
essary for a therapeutic effect. Because of this hypothesis, there has been
a great deal of research directed toward identification of the molecular and
cellular adaptations to repeated antidepressant treatment. In contrast, there
is much less known about the intracellular signaling that is relevant to the
actions of benzodiazepines. This section will discuss the signaling adapta-
tions resulting from antidepressants, as well as benzodiazepines. These effects
will be discussed with regard to the signaling pathways regulated by fear
and stress.
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7
Intracellular Pathways Regulated by Antidepressant Treatment

Early studies to identify the long-term adaptations that underlie the actions of
antidepressant treatment were focused on alterations in levels of monoamine
receptors and transporters. Thisworkhasprovideduseful informationdemon-
strating that multiple 5-HT and NE receptor subtypes are regulated by antide-
pressant treatment, presumably as a result of elevated synaptic levels of these
monoamines. More recent studies have examined adaptations of intracellular
signal transduction cascades that could represent common targets for antide-
pressants. This section will review the work on the cAMP and Ca2+ signaling
pathways and how these pathways could contribute to the anxiolytic actions of
antidepressants. This is not meant to be a comprehensive review of the intra-
cellular pathways regulated by antidepressants, but is a focused discussion of
these signaling cascades, which to date have received the most attention. It is
very likely that there are many other pathways that are regulated by and that
are important mediators of the actions of antidepressant treatment, and these
other pathways will be the focus of future investigations.

7.1
Antidepressant Treatment Upregulates the cAMP-CREB Cascade

Antidepressant drugs block the reuptake or metabolism of NE and 5-HT and
thereby increase the function of receptors coupled to these monoamines. One
of the signal transduction cascades regulated by NE and 5-HT and linked to the
actions of antidepressant drugs is the cAMP-CREB cascade (Fig. 4). There are
several classes of NE and 5-HT receptors that directly couple to and activate the
cAMP second messenger cascade, including β1- and β2-adrenergic receptors
and 5-HT4, 5-HT6, and 5-HT7 receptor subtypes. These receptors couple with
the stimulatoryGprotein,Gs, and therebyactivate adenylyl cyclase, the enzyme
that catalyzes the formationof the secondmessenger cAMP.Thecellular actions
of cAMP are in turn mediated by activation of PKA, which can phosphorylate
and regulate the functionofmanycellularproteins, includingneurotransmitter
receptors, ion channels, synthetic enzymes, other kinases, and transcription
factors. Antidepressant treatment increases the levels of PKA in limbic brain
regions, including the cerebral cortex (Nestler et al. 1989; Perez et al. 1989). This
effect is dependent on chronic treatment, consistent with the time course for
the therapeutic action of antidepressants. Different classes of antidepressants,
including NE and SSRIs, increase PKA, indicating that this kinase is a common
target of antidepressants.

There are many cellular targets of PKA that could contribute to the actions
of antidepressants. Due to the requirement for long-term treatment, there has
been interest in identifying the influenceof antidepressantsongeneexpression.
Early studies have demonstrated that antidepressant treatment increases the
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Fig. 4 Influence of antidepressant treatment on the cAMP–CREB cascade. Antidepressant
treatment increases synaptic levels of NE and 5-HT via blocking the reuptake or breakdown
of these monoamines. This results in activation of monoamine receptors, including β1AR
and 5-HT7 receptors that are positively coupled to the cAMP-protein kinase A (PKA) cas-
cade and α1AR and 5-HT2 receptors that can stimulate Ca2+-dependent kinases. Chronic
antidepressant treatment increases Gs coupling to adenylyl cyclase, particulate levels of
cAMP-dependent protein kinase (PKA), and the function and expression of cAMP response
element binding protein (CREB). Also shown is the action of a phosphodiesterases type IV
(PDE4) inhibitor, which increases the function of the cAMP-PKA-CREB cascade by block-
ing the breakdown of cAMP. PDE4 inhibitors such as rolipram have been shown to have
antidepressant efficacy in humans and animal models. CREB can also be phosphorylated by
Ca2+-dependent protein kinases, which can be activated by the phosphatidylinositol path-
way as shown in Figs. 1 and 2, or by glutamate ionotropic receptors. Glutamate receptors
and Ca2+-dependent protein kinases are also involved in neural plasticity. One gene target
of antidepressant treatment and the cAMP-CREB cascade is BDNF, which contributes to the
cellular processes underlying neuronal plasticity and cell survival

translocation of PKA from a cytosolic fraction to a nuclear fraction, indicating
that there may be phosphorylation and regulation of transcription factors. This
possibility has been supported by studies demonstrating that the expression
and function of CREB, as well as other gene transcription factors, is increased
by antidepressant treatment. As with PKA, upregulation of CREB is dependent
on chronic antidepressant treatment and is observed with different classes of
antidepressants. The regulation of CREB has been examined using several dif-
ferent approaches. First, chronic antidepressant treatment increases levels of
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CREB mRNA and protein in cerebral cortex and hippocampus (Nibuya et al.
1996). Second, antidepressant treatment increases levels of CREB phospho-
rylation (Thome et al. 2000). Third, antidepressant treatment increases levels
of CRE-mediated gene expression, determined by analysis of CRE-reporter
transgenic mice (Thome et al. 2000). These studies support the hypothesis that
CREB is a common downstream target of antidepressant treatment.

7.2
Antidepressant Treatment Increases CaMKII

Antidepressant treatment is also reported to regulate CaMKII in limbic brain
structures. Antidepressant treatment increases levels of CaMKII activity in
presynaptic elements of hippocampus but not cerebral cortex (Popoli et al.
1995). This effect is dependent on chronic antidepressant treatment and is
seen with selective 5-HT reuptake blockers, as well as nonselective agents. The
effect was found to be selective for synaptic terminals as there was no change in
levels of CaMKII activity in preparations that comprise primarily postsynap-
tic elements. Subsequent studies have also demonstrated that upregulation of
CaMKII activity is accompanied by increased phosphorylation of markers of
synaptic vesicles, synapsin I and synaptotagmin (Popoli et al. 1997a,b; Verona
et al. 1998). These studies report a regional difference between 5-HT and NE
selective reuptake inhibitors: SSRIs increase CaMKII activity and substrate
phosphorylation in hippocampus only, while NE selective agents have effects
in hippocampus and cerebral cortex. These studies suggest that antidepressant
treatment may influence synaptic transmission via effects on presynaptic ter-
minals. Moreover, because of the magnitude of the change and the widespread
expression of CaMKII, it is likely that different types of transmitter function
are influenced.

7.3
Influence of CREB in Models of Depression

Upregulation of CREB could play an important role in the actions of antide-
pressant treatment. To directly test this hypothesis, the influence of CREB
expression in models of depression has been examined. For these studies, the
expression of CREB or a dominant-negative mutant of CREB (mCREB) is in-
creased by viral mediated gene transfer or by inducible transgenic expression.
In addition, the influence of null mutation of one isoform, α-CREB, on behav-
ior has been studied. Viral expression of wild-type CREB in the hippocampus,
where antidepressant treatment increases CREB, results in an antidepressant-
like effect in the forced swim (FST) and learned helplessness (LH) paradigms
(Chen et al. 2001). The results demonstrate that increased expression of CREB
is sufficient to produce an antidepressant effect and support the hypothesis that
this transcription factor is an important target of antidepressant treatment.
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The influence of CREB expression in other brain regions, most notably
the nucleus accumbens, on behavioral models of depression has also been
examined. In contrast to the hippocampus, viral mediated gene expression of
CREB in thenucleus accumbens results in apro-depressive effect in theFSTand
LH models of depression (Newton et al. 2002; Pliakas et al. 2001). Expression
of a dominant-negative CREB in this region produces an antidepressant-like
response. Studiesof inducible transgenicmice that express adominantnegative
mutant of CREB in the nucleus accumbens, as well as null mutation of CREB,
support these findings (Conti et al. 2002; Newton et al. 2002). The difference
between the nucleus accumbens and hippocampus could be related to different
target genes in these two regions. In the hippocampus one of the target genes
of CREB is BDNF, and infusions of BDNF into hippocampus also produce an
antidepressant response in the FST and LH models (Shirayama et al. 2002).
In the nucleus accumbens CREB regulates the expression of dynorphin, and
increased expression of this neuropeptide could contribute to the aversive
aspects of exposure to these models of depression (i.e., stress associated with
exposure to water or uncontrollable footshock).

These studies demonstrate that CREB can influence behavior in these stress-
related models used for identifying antidepressant agents, and that the effect
depends on the brain region examined. It is also possible that CREB expression
in these brain regions, as well as other regions such as the amygdala, will also
influence behavior in anxiety models. A role for CREB in fear conditioning has
been discussed, and it is possible that CREB and changes in gene expression
and neural plasticity resulting from activation of CREB also influence anxiety.
Additional studies will be necessary to further characterize the role of CREB
in the etiology and treatment of anxiety behavior.

7.4
Therapeutic Actions of PDE4 Inhibitors

A role for the cAMP cascade in the actions of antidepressant treatment is sup-
ported by earlier studies demonstrating that inhibitors of phosphodiesterases
type IV (PDE4), the high-affinity cAMP specific PDE that catalyzes the break-
down of cAMP, also produces an antidepressant response (see Duman et al.
2000). The PDE4 selective inhibitor, rolipram, has been shown to have antide-
pressant efficacy in animal models and in clinical trials (Duman et al. 1997;
Duman et al. 2000). Rolipram was not further developed as a therapeutic agent
because of its side effect profile, most noticeably nausea. However, there are
several different isoforms of PDE4, PDE4A, PDE4B, and PDE4D, in the brain,
and each of these has multiple splice variants that are differentially expressed.
It is possible that one of these isoforms underlies the therapeutic actions of
rolipram, and that another produces the side effects. Studies are currently un-
derway to identify if this is the case and to produce isoforms selective PDE4
inhibitors. It is also interesting to speculate that differential expression of these
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isoforms could explain why rolipram produces an antidepressant response
even when expression of CREB has different effects, depending on the brain
region in which it is expressed.

There are also a few studies that have examined the influence of rolipram
in rodent models of anxiety. This work demonstrates that rolipram admin-
istration is capable of producing anxiolytic effects in the light–dark test and
the elevated plus maze (Griebel et al. 1991; Silvestre et al. 1999). This is not
surprising given the therapeutic actions of antidepressant drugs, which also
upregulate the cAMP-CREB cascade. Additional work will be necessary to de-
termine the brain region and target genes that underlie the anxiolytic actions
of rolipram.

8
Intracellular Pathways Regulated by Benzodiazepines

Mediation of the anxiolytic-like action of benzodiazepines through the en-
hancement of GABAergic transmission at the GABA-A/benzodiazepine re-
ceptor complex is well known. Benzodiazepines act at the γ-subunit of the
GABA receptor complex to enhance chloride influx and thereby cause hyper-
polarization of neurons. However, there is much less known about the role of
intracellular signal transduction in the actions of benzodiazepines.

Cellular signaling involving nitric oxide (NO) has been implicated in the
anxiolytic effects resulting from GABA/BZ receptor occupation and has also
been implicated in the behavioral effects of the anesthetic gas nitrous oxide.
NOS-like activity is found in brain regions associated with anxiety (Dinerman
et al. 1994). Inhibition of NO production by pharmacologic inhibition of NOS
can decrease the anxiolytic effects of a benzodiazepine, GABA-A agonists,
or nitrous oxide (Caton et al. 1994; Quock and Nguyen 1992) and inhibition
of NO function has a similar effect (Li et al. 2003a). These effects can be
shown in different paradigms of experimental anxiety including the mouse
elevated plus maze, staircase, or light–dark tests. The neuronal isoform of
NOS, referred to as nNOS, is implicated in these effects (Li et al. 2001, 2003b).
A role for NO production in mediating anxiolysis is supported by studies
showing that pharmacologic inhibition of NOS in the absence of other drugs
is anxiogenic (Lino de Oliveira et al. 1997; Vale et al. 1998), although opposite
results were found in other studies (Dunn et al. 1998; Volke et al. 1997). NO
is thought to have a neurotransmitter-like function and is implicated in the
control of blood flow and in the regulation of neuronal excitability, as well
as other functions including activity-dependent plasticity and learning and
memory (Bogdan 2001; Nelson et al. 1997b; Prast and Philippu 2001; Schuman
and Madison 1991). It is possible that the effects of NO signaling in modulating
behavioral anxiety are related to plasticity functions of NO within neurons.
Alternatively, the altered anxiety that results from knockout of another form
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of NOS expressed in endothelial cells, (eNOS) suggests that non-neuronal
processes such as alterations in vascular function could also contribute to
behavioral effects (Frisch et al. 2000).

9
Summary and Conclusions

Significant progress has been made in understanding the neurobiology of fear
memory, including the signal transduction cascades that are activated and
required for the formation of long-term fear memory. This has resulted in
hypothesis-based novel targets and strategies for fear-related disorders, in-
cluding PTSD. This progress has resulted in part from the well-defined models
and neural circuitry for fear conditioning, which provides a system for testing
the role of specific signaling molecules. Progress on anxiety has been limited to
information resulting from the use of effective anxiolytic drugs, primarily the
benzodiazepines and behavioral models that were designed to test for drugs of
this class. However, this has not led to fundamental information regarding the
neurobiology of anxiety. Development of better models of anxiety will provide
information on the neural circuitry underlying this disorder. This information
is critical for further characterization of the neurotransmitters and signaling
cascades that control these neural pathways, and ultimately better therapeutic
agents.
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Abstract This review is focused on the involvement of neuropeptides in the modulation
of physiological and pathological anxiety. Neuropeptides play a major role as endogenous
modulators of complex behaviours, including anxiety-related behaviour and psychopathol-
ogy, particularly due to their high number and diversity, the dynamics of release patterns
in distinct brain areas and the multiple and variable modes of interneuronal communica-
tion they are involved in. Manipulations of central neuropeptidergic systems to reveal their
role in anxiety (and often comorbid depression-like behaviour) include a broad spectrum
of loss-of-function and gain-of-function approaches. This article concentrates on those
neuropeptides for which an involvement as endogenous anxiolytic or anxiogenic modu-
lators is well established by such complementary approaches. Particular attention is paid
to corticotropin-releasing hormone (CRH) and vasopressin (AVP) which, closely linked
to stress, neuroendocrine regulation, social behaviour and learning/memory, play critical
roles in the regulation of anxiety-related behaviour of rodents. Provided that their neu-
robiology, neuroendocrinology and molecular–genetic background are well characterized,
these and other neuropeptidergic systems may be promising targets for future anxiolytic
strategies.
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1
Neuropeptides

Neuropeptides are biologically active sequences of amino acids that are pro-
duced in and released from distinct populations of neurons and are capable
of influencing functional parameters of target neurons via G protein-coupled
receptors. Their role in interneuronal communication (including feed-back
actions on their own neurons) is based on actions as neurotransmitters, neu-
romodulators or both; additionally, secreted into the systemic circulation,
neuropeptides may act as hormones (for review see Landgraf and Neumann
2004). As transmitters, neuropeptides contribute to the synaptic mode of in-
formation transfer, which refers to fast point-to-point signalling including
transient actions, which are limited to postsynaptic sites. As modulators, they
are non-synaptically released from multiple sites of the neuronal membrane,
particularly from dendrites, and act on relatively distant targets. The distribu-
tionof aneuropeptide, inaddition to itswidespreadrelease, is achievedbecause
it persists in the extracellular fluid for long periods and is thus able to diffuse
considerable distances (range of hundreds of micrometers). Accordingly, this
signalling is not primarily defined by its topology, but by the chemistry of
the modulator and the distribution of its receptor(s) on the target neurons.
Through this type of information transfer (also called volume transmission,
Fuxe and Agnati 1991), the brain is liberated from the constraints of wiring,
since neuropeptides can reach any point of target neurons, thus enormously
increasing the information handling capacity of neurons. This explains why
a few “classical” neurotransmitters are sufficient for the myriads of wired path-
ways, whereas a large number of different neuropeptides are essential to define
volume transmission by their chemistry.

Genomic mechanisms regulating neuropeptides and their receptors are
paramount. As primary products of protein biosynthesis, both neuropeptides
and their receptors are prone to direct structural changes by mutations. In ad-
dition to genetic polymorphisms in the coding region, resulting in structurally
changed gene products, even subtle variations in the promoter structure or
other components of the transcriptional machinery of genes can alter the pat-
tern of neuropeptide release and/or receptor distribution in the brain with
consequent changes in neuroendocrine and behavioural characteristics. Due
to their resulting remarkable number and diversity, the dynamics of their in-
tracerebral release patterns, and the multiplicity of receptors to which they
bind, neuropeptides are considered ideal neuromodulator candidates.

While the distinction between transmitters, modulators and hormones has
its heuristic value explaining, for instance, high speed, spatial precision, and
a theoretically unlimited variability in signalling, probably even simple in-
formation transfers use a combination of these modes of communication.
Responses to a neuropeptide, in other words, are likely to reflect a combi-
nation, from synaptic through non-synaptic to hormonal actions, often in
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a synergistic manner (Landgraf 1995; Landgraf and Neumann 2004). While
it is debatable, in this context, whether neuropeptides first evolved as trans-
mitters, modulators or hormones, it seems to be clear that they pre-date the
“classical” transmitters as neuronal signalling molecules.

Whatever the underlying modes of action may be, endogenous neuropep-
tides are known to be involved in a broad range of behavioural regulation,
including anxiety. Dependent on the multiple mechanisms of action of neu-
ropeptides, their structural diversity and the complexity of the behavioural
feature of interest, the methodological approaches to shed more light on this in-
volvement differ and need consideration, particularly to justify comparability
among different findings. A major approach in this context is to manipulate the
neuropeptide of interest and its receptor(s), including neuropeptide–receptor
interactions, and subsequently to examine behavioural consequences. This
includes administration of synthetic neuropeptides, their receptor agonists
or antagonists, antisense targeting, virally mediated gene transfer, RNA in-
terference, knockout and transgenic strategies, all of them having their own
advantages and limitations. In this context it is of note that it is generally
difficult to mimic the dynamic temporal and spatial pattern of central neu-
ropeptide release simply by administration of the synthetic neuropeptide. The
nonspecific effects triggered in this way are often indistinguishable from spe-
cific ones. But even the more physiological approach of receptor antagonist
administration may bear the risk of changing receptor characteristics (e.g.
upregulation or supersensitivity, which may cancel the desired effect), cross-
reacting with related receptors and having mixed antagonist/agonist-like prop-
erties. Another major approach alternative to external manipulation aims at
monitoring neuropeptide release patterns within the brain and their phys-
iological significance (Landgraf 1995). An appropriate experiment includes,
for example, microdialysis of a distinct brain area of a freely behaving ani-
mal to monitor local neuropeptide release patterns prior to, during and after
exposure to an anxiogenic stimulus. Inverse microdialysis of the correspond-
ing receptor antagonist might then reveal the physiological significance of the
centrally released neuropeptide for behavioural regulation, including stress
coping strategies.

Measurementsofneuropeptide contents indistinctbrainareas, oftenused to
describe neuropeptide responses to stressor exposure, should be interpreted
with caution. As a matter of fact, contents are determined by a variety of
variables including synthesis, transport, storage, release and degradation and
are, thus, hardly to be interpreted in terms of dynamics of central synthesis
and release that are much better reflected, for instance, by a combination of
in situ hybridization and microdialysis in vivo. Although, in clinical trials,
there is often no alternative other than determining neuropeptide levels in
the cerebrospinal fluid, such trials essentially reflect the more or less “global”
activity of the corresponding neuropeptide in the brain. Furthermore, once in
the cerebrospinal fluid following transport via bulk flow and diffusion from



338 R. Landgraf

the extracellular fluid, the neuropeptide is probably no longer of biological
significance (Landgraf and Neumann 2004).

Although sometimes difficult, it is important to distinguish between phys-
iological and pharmacological approaches. While not likely to contain biolog-
ically active endogenous neuropeptides, the cerebrospinal fluid may be used
as a vehicle to transport exogenous neuropeptides against the naturally occur-
ring concentration gradient across the ependyma into the brain parenchyma
following intracerebroventricular administration (Bittencourt and Sawchenko
2000). Likewise, the role of the blood–brain barrier varies depending on physi-
ological versus pharmacological conditions. The former provide a barrier that
the endogenous neuropeptides cannot penetrate in physiologically relevant
amounts, the more so as neuropeptide concentrations in the extracellular fluid
of thebrainmaybeordersofmagnitudehigher than inplasma(Landgraf 1995),
thus excluding the need of a blood-to-brain transport. This is supported by the
capacity of the brain to release neuropeptides centrally (i.e. within the brain)
and peripherally (i.e. into the systemic circulation) in an independently (but
often co-ordinated) regulated manner (Neumann et al. 1993; Landgraf 1995;
Wotjak et al. 1998; Ludwig et al. 2002); this regulatory capacity probably co-
evolved with the blood–brain barrier. If, however, pharmacological doses are
peripherally administered, the exogenous neuropeptide may reach the brain
parenchyma in functionally significant amounts, particularly via circumven-
tricular organs such as the subfornical organ (Ermisch et al. 1985, 1992).
Simultaneously, the transport across the blood–brain barrier, unlikely to be
relevant for endogenous neuropeptides, might become significant if the plasma
concentration of a given exogenous neuropeptide reaches a certain threshold.

Compelling evidence for a critical role of a neuropeptide in complex be-
haviours such as anxiety is only provided by a combined approach comprising,
for instance, changes in anxiety-related behaviour after selective manipulation
of the respective neuropeptidergic system and, vice versa, responses of the en-
dogenous system to an adequate behavioural challenge. This short review will
predominantly focus on those neuropeptides that fulfil the requirements of
having been tested in multiple approaches, thus providing the basis for com-
parability.

2
Anxiety-Related Behaviour

Negative emotions such as anxiety are founded on circuits in the brain that
evolved to facilitate survival and reproduction in a dangerous and challenging
environment. Trait anxiety reflects a genetic predisposition, i.e. hard-wired
basal anxiety including reactions to danger. While some animals rely mainly
on these reactions, mammals, including rodents and humans, are able to make
the transition from reaction to action, including anticipation. Based partic-
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ularly on forebrain expansion and the development of the emotional brain,
action comprises both emotional and cognitive factors that have trait (i.e.
genetically predisposed) roots. The wide range of anxiety-related behaviour
is orchestrated by a system of many genes, each probably with small effects
(Glatt and Freimer 2002; Tabor et al. 2002). Accordingly, all signalling circuits
in probably all brain areas are involved directly or indirectly in regulatory
patterns underlying anxiety. There is no doubt that neuropeptides fulfil the re-
quirements to play a major role in this context. Their characteristics, including
the high number and diversity of neuropeptides and receptors and their role
in multiple and variable modes of interneuronal communication (Landgraf
and Neumann 2004), make a co-evolution with the ever-growing number of
emotional facets likely.

Anxiety may be interpreted as an emotional anticipation of an aversive sce-
nario, difficult to predict and control, that is likely to occur. Fear is not seen
as a basal state, but a complex response (including freezing, startle, increased
vigilance) elicited during danger to facilitate appropriate defensive behaviours
that can reduce danger or injury (e.g. avoidance, escape). Emotionality, often
used as a synonym for anxiety as well as fearfulness, may be seen in a broader
sense, comprising both inborn anxiety and stimulus-related fear. Despite anxi-
ety being seen by some authors as independent of fear, the distinction between
these two constructs is often difficult.

How representative are animal models to study the interaction between
anxiety and neuropeptides? Most importantly, the same circuits underlie both
physiological and pathological anxiety; in other words, pathological anxiety
evolves from normal anxiety and fear (Rosen and Schulkin 1998). Further-
more, there are many neuroanatomical parallels in rodent and human anxiety,
including neuropeptidergic circuits in hypothalamic and limbic brain areas.

The choice of the proper genotype and the dependent endophenotype is be-
coming one of the major problems in behavioural neuroscience. Although it is
far from being trivial to definitely determine anxiety in subjects that, unlike hu-
mans, cannot self-report their emotional status or comply with questionnaires,
animal models provide the advantage that the substrate for neuropeptide-
anxiety interactions, namely the brain, is accessible. Additionally, the mul-
tidimensionality of emotionality (Ramos and Mormede 1999), a sometimes
ignored behavioural phenomenon, may be determined in a variety of appro-
priate behaviour tests, including the elevated plus maze, the open field, and the
light–dark test, all of which represent naturally occurring paradigms where
rodents are challenged by the conflict between anxiety/fear on the one hand,
and exploratory curiosity on the other. In particular, the amount of time spent
in the risky environment relative to the safe one is used as an index of the
animal’s level of anxiety/fear. Caution in interpreting behavioural data is sug-
gested because of methodological differences across studies, different animal
models used, etc.
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3
Neuropeptides Involved in the Regulation of Anxiety-Related Behaviour

3.1
Corticotropin-Releasing Hormone

Among the various neuropeptide systems that have been implicated in the
regulation of anxiety-related behaviour, the corticotropin-releasing hormone
(CRH) system plays a major role. CRH-containing circuits mainly originate
in the parvocellular subdivision of the hypothalamic paraventricular nu-
cleus (PVN); CRH neurons with a neuroendocrine role in the regulation
of the hypothalamo–pituitary–adrenocortical axis (HPA) co-produce vaso-
pressin (AVP) and terminate at the median eminence to secrete the corti-
cotropin (ACTH) secretagogues into the portal blood; ACTH in turn stimu-
lates the secretion of glucocorticoids from the adrenal cortex. CRH neurons
involved in behavioural regulation are supposed to produce CRH alone and
project to other brain areas, including the noradrenergic locus coeruleus and
the central nucleus of the amygdala, areas of recognized importance in anxi-
ety (Charney et al. 1998). Most extra-hypothalamic CRH neurons are located
within the central nucleus of the amygdala, from where they project to, among
other targets, the PVN (Gray 1993), the bed nucleus of the stria terminalis
(Sakanaka et al. 1986) and the locus coeruleus (Koegler-Muly et al. 1993). In
contrast to the PVN, there are glucocorticoid-mediated positive effects on the
amygdaloid CRH system (Makino et al. 2002).

Similar to CRH, its receptor subtypes are widely distributed throughout the
brain, including areas that have been implicated in the mediation of anxiety-
related behaviour. Two types of CRH receptors, CRHR-1 and CRHR-2, the
latter with different splice variants, have been identified in the brain (Perrin
and Vale 1999). While the CRHR-1 is the main receptor subtype at the anterior
pituitary level, CRHR-2α predominates at the level of the PVN (van Pett et al.
2000). CRH binds with high affinity to the CRHR-1, while binding with 15-
fold lower affinity to the CRHR-2 (Vaughan et al. 1995). Urocortin, a second
CRH-related neuropeptide, hypothesized to be an endogenous ligand for the
CRHR-2, binds with equally high affinity to both receptor subtypes (Vaughan
et al. 1995). Recently, urocortin II/stresscopin-related peptide, a 38 amino acid
member of the CRH neuropeptide family, was identified in the mouse brain
and has been shown to be equipotent in its binding affinity at the CRHR-2,
but 1,000-fold more selective in binding to the latter compared to urocortin
(Reyes et al. 2001; Skelton et al. 2000b). Furthermore, urocortin III/stresscopin
with high affinity for the CRHR-2 has been identified (Hsu and Hsueh 2001;
Lewis et al. 2001). In addition to its receptor subtypes, CRH has been shown
to bind to the CRH-binding protein (Potter et al. 1991), postulated to function
as an endogenous buffer for the actions of the CRH family of ligands at their
receptors (Behan et al. 1996).
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The presence of multiple CRH-related neuropeptides and CRH receptors
gives this system enormous versatility and plasticity. A plethora of preclinical
and clinical data indicates that the CRH system is involved in mediating be-
havioural (Heinrichs and Koob 2004; Koob et al. 1993), neuroendocrine (Vale
et al. 1981), and autonomic (Dunn and Berridge 1990) responses to stres-
sors. Central administration of CRH, remarkably shown to increase both CRH
mRNA and CRHR-1 mRNA in the PVN (Imaki et al. 1996; Mansi et al. 1996; but
see Makino et al. 1997, 2002), mimics the behavioural responses to stress, lead-
ing to increased anxiety-related behaviour (Heinrichs and Joppa 2001; Smagin
et al. 2001) and locomotor activation (Sutton et al. 1982). Importantly, these
behavioural effects appear to occur independently of the HPA axis (Britton
et al. 1986; Smith et al. 1998), suggesting a central site of action.

While centrally administered CRH produced changes analogous to those
seen in both anxiety and depression, central administration of (1) a CRH recep-
tor antagonist (DunnandBerridge1990;Koobet al. 1993), (2) aCRHmRNAan-
tisense oligodeoxynucleotide (Skutella et al. 1994) or (3) CRH receptor mRNA
antisense oligodeoxynucleotides (Liebsch et al. 1995, 1999; Heinrichs et al.
1997; Skutella et al. 1998) produced anxiolytic effects in the rat (for review
see Takahashi 2001). Recent studies by Heinrichs et al. (1997) and Liebsch
et al. (1999) comparing CRHR-1 and CRHR-2 antisense oligodeoxynucleotides
provided evidence that the anxiogenic actions of CRH are predominantly me-
diated by CRHR-1 rather than CRHR-2, the latter probably being involved in
stress coping (Liebsch et al. 1999). The hypothesis suggesting different roles
of the CRH receptor subtypes in mediating stress-induced behavioural effects
has recently been confirmed by Skelton et al. (2000a), who showed that alprazo-
lam, a benzodiazepine agonist, decreases CRHR-1 levels but upregulates both
CRHR-2 levels and its putative ligand urocortin, indicating that an aspect of
the efficacy of benzodiazepines in treating anxiety disorders is their ability to
increase the activity of a neurobiological system involved in coping effectively
in stressful and anxiety-provoking situations. Steckler and Holsboer (1999)
suggested that CRHR-1 may be more concerned with cognitive aspects of be-
haviour, including learning and memory, emotionality, and attention, whereas
CRHR-2 primarily influences processes necessary for survival, including feed-
ing, reproduction and defence.

The time-dependent induction of anxiogenic-like effects of CRH and related
neuropeptides has recently been addressed by Spina et al. (2002). Unlike CRH,
urocortin did not produce anxiogenic-like effects when rats were tested 5 min
after i.c.v. administration. However, 30 min after administration, urocortin was
more potent than CRH in inducing anxiogenic-like effects, a finding supported
also by Sajdyk et al. (1999). Spina et al. (2002) hypothesized that CRH and uro-
cortin possibly maintain an independent physiological role in non-stressful
conditions, and their roles overlap during anxiogenic, stressful events. Uro-
cortin II was shown not to share the motor activating and anxiogenic-like
properties of CRH, but induced a delayed anxiolytic-like action as measured
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on the elevated plus maze (Valdez et al. 2002). While this finding is consis-
tent with a functional antagonism between CRHR-1 and CRHR-2 in regulating
anxiety-related behaviour, there are lines of evidence conflicting with this hy-
pothesis, suggesting that activation of both CRH receptor subtypes leads to
increased anxiety. A recent study, for instance, showed that urocortin II pro-
duces a dose-dependent increase in anxiety-related behaviour in the plus maze
test (Pelleymounter et al. 2002). Likewise, i.c.v. injection of antisauvagine-30,
a CRHR-2 antagonist, produced anxiolytic-like effects in the mouse (Pelley-
mounter et al. 2002) and rat (Takahashi et al. 2001). Along the same lines,
lesions of the lateral septum, an area high in CRHR-2 expression (Lovenberg
et al. 1995), produced anxiolytic-like effects (Menard and Treit 1996), and
antisense targeting of CRHR-2 in this area also attenuated fear conditioning
(Ho et al. 2001). Astressin, a non-selective CRH receptor antagonist, but not
antisauvagine-30, impaired CRH-enhanced fear conditioning when injected
into the hippocampus; both of these antagonists, however, attenuated fear con-
ditioning when injected into the lateral septum (Radulovic et al. 1999). Mice
carrying a null mutation of the urocortin gene showed heightened anxiety-
related behaviours in several tests (Vetter et al. 2002). In this particular case,
the behavioural effect was not due to over-expression of CRH or CRHR-1. The
authors hypothesized that urocortin-immunoreactive neurons in the Edinger–
Westphal nucleus may modulate anxiety in opposition to the actions of CRH
itself, and possibly through CRHR-2 in the lateral septum. Bakshi et al. (2002)
recently described that acute and selective antagonism of CRHR-2 in the lateral
septum reduced stress-induced defensive behaviour. CRHR-2 might thus rep-
resent a potential target for the development of novel CRH system anxiolytics
(Bakshi et al. 2002).

The anxiogenic effects of endogenous and exogenous CRH have been hy-
pothesized to be mediated through actions on both the locus coeruleus nora-
drenergic and the caudal dorsal raphé nucleus serotonergic systems. In both
the locus coeruleus and the dorsal raphé nucleus, CRH is presumably acting
at the CRHR-1 subtype (van Pett et al. 2000). The former involves synaptic
contacts between CRH terminals originating in the amygdala (Koegler-Muly
et al. 1993) and dendrites of noradrenergic cells; accordingly stressor expo-
sure modulated increases in CRH immunoreactivity and efficacy in the locus
coeruleus (van Bockstaele et al. 1996; Curtis et al. 1999). As in the amygdala,
the locus coeruleus has long been implicated as an essential component of
the neural substrates underlying anxiety and fear (Charney et al. 1995). Ad-
ministration of anxiolytic benzodiazepines did not only lead to a reduction of
HPA axis activity, but also to a decreased CRH content in the locus coeruleus
(Owens et al. 1993). Similar to the noradrenergic system, CRH may play a role
in regulating serotonergic neurotransmission originating in the dorsal raphé
nucleus known to be involved in anxiety-related behaviour (Lowry et al. 2000;
Hammack et al. 2002; Umriukhin et al. 2002). Lowry et al. (2000) have recently
identified a population of serotonin neurons in the caudal dorsal raphé nu-
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cleus that are involved in the modulation of anxiety and are potently excited
by CRH. Interestingly, chronic treatment with antidepressant drugs, includ-
ing dual serotonin/noradrenaline reuptake inhibitors, resulted in a diminished
sensitivity of CRH neurons to stressor exposure (Stout et al. 2002).

A major approach for studying the involvement of neuropeptides in anxiety-
related behaviour has focused on characterizing the changes in anxiety follow-
ing either over-expression or under-expression of a particular gene prod-
uct. In line with pharmacologically oriented findings, transgenic mice over-
expressing CRH exhibited behavioural effects associated with acute CRH ad-
ministration, including increased anxiogenic behaviour (Stenzel-Poore et al.
1994; van Gaalen et al. 2002). These effects were potently blocked by admin-
istration of the CRH receptor antagonist α-helical CRH. CRH transgenic mice
also showed a profound decrease in sexual behaviours and deficits in learning;
higher order functions such as those are typically abolished when a situation
is found threatening and anxiety-related behaviours are recruited (Heinrichs
etal. 1997).Along thesame lines is thefinding thatCRH-bindingproteinknock-
out mice showed increased stress-like and anxiety-related behaviour (Karolyi
et al. 1999). Thus, as with the CRH-over-expressing mice, CRH-binding protein
knockouts may represent a genetically engineered model of an anxiety-related
endophenotype.

CRH knockout mice appear to be nearly indistinguishable from their ge-
netically unaltered wild-type control mice, since stress-induced responses in
freezingbehaviourandparadigmssuchas theelevatedplusmazeandopenfield
were not different in CRH knockout mice relative to the wild-type (Weninger
et al. 1999). Thus, while increased levels of urocortin gene expression in CRH
knockout mice are not always seen, it has been suggested that an alterna-
tive CRH-like ligand could be subserving effects on anxiety-related behaviour
(Weninger et al. 1999).

An anxiolytic action has recently been reported in transgenic mice lacking
CRHR-1 (Smith et al. 1998; Timpl et al. 1998). Interestingly, similar to CRH
knockout mice (Muglia et al. 2000), animals deficient for the CRHR-1 showed
signs of AVP mRNA over-expression in the PVN (Fig. 1; Müller et al. 2000b).
An over-expression of AVP in the PVN has recently been reported to induce
anxiogenic-like effects in rats (Murgatroyd et al. 2004; Wigger et al. 2004) and
could, thus, mitigate the anxiolysis observed in CRHR-1 knockout mice. This
indicates that development with a missing gene may lead to an induction of
compensatory systems, making the interpretation of results with transgenic
and knockout mice difficult.

While the reduced anxiety profile in CRHR-1 knockout mice has been con-
sistently observed by separate laboratories and across a number of different
behavioural paradigms, suggesting that it is a fairly robust and reliable phe-
nomenon, CRHR-2 knockout mice seem to display a different and also less con-
sistent phenotype. Behavioural effects following CRHR-2 null mutation were
described to include decreased open arm entries in the elevated plus maze in
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Fig. 1A–D Increased expression of AVP mRNA in the PVN of mice deficient for CRHR-1 (C)
relative to wild-type mice (A). Accordingly, AVP immunoreactivity is markedly enhanced
in the external zone of the median eminence (ZEME) of mutants (D) compared to the
wild-type (B). (Adapted from Müller et al. 2000b)

both male and female mice (Bale et al. 2000) and in males only (Kishimoto
et al. 2000), while others failed to exhibit any change in this measure of anxiety,
irrespective of gender (Coste et al. 2000). Moreover, entries into the centre of
an open field were found decreased in CRHR-2 knockouts by Bale et al. (2000),
but increased by Kishimoto et al. (2000), suggesting that anxiety-related facets
seem to be highly variable. In these animals, basal levels of CRH and urocortin
gene expression were elevated, possibly underlying the observed increases in
anxiety-related behaviour, again indicating a compensatory response of the
system to CRHR-2 deletion (Bale et al. 2000; Coste et al. 2000). An important
aspect in this context appears to be the timing of the gene deletion; novel
inducible-knockout technologies will help to clarify the developmental versus
acute changes of CRHR-2 in relation to anxiety.

Another important though often ignored aspect is the variability in trait and
state anxiety among the experimental animals used. This variability, likely to
influence behavioural and neuroendocrine responses to stressor exposure and
drugs, is determined genetically (e.g. Wigger et al. 2001; Landgraf and Wig-
ger 2003) and epigenetically by non-genomic mechanisms (e.g. Caldji et al.
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1998). Accordingly, Roman high and low avoidance rats, selected and bred
for rapid learning versus non-acquisition of active avoidance behaviour, re-
sponded differentially to central CRH, only the former showing long-lasting
behavioural consequences (Wiersma et al. 1998). Two studies have shown that
α-helical CRH 9-41 produced anxiolytic-like effects in the elevated plus maze
only after animals had been stressed by exposure to conspecific aggression
(Heinrichs et al. 1992; Menzaghi et al. 1994). In line with these findings is
the paper by Conti et al. (1994), who showed that α-helical CRH 9-41 was
more efficacious in BALB/c mice described to be “emotional” than in three
“non-emotional” strains. Studies with novel CRH receptor antagonists further
support the hypothesis that state/trait anxiety is critical when studying the be-
havioural effects of such compounds. The nonpeptide antagonist CP-154,526,
for example, elicited anxiolytic-like effects in the rat only if mean baseline
levels of exploration of the aversive parts of the maze were low (Lundkvist
et al. 1996; Griebel 1999). Antalarmin, a structurally related analogue of CP-
154,526, blocked the anxiogenic-like effect of CRH in the elevated plus maze
without affecting anxiety-like behaviour in vehicle-treated animals (Zorrilla
et al. 2002). Likewise, rats bred for extremely high trait anxiety (HAB) were
shown to respond to the CRHR-1 antagonist R121919 with reduced anxiety-
related behaviour, while non-anxious rats (LAB) failed to alter that level of
anxiety (Keck et al. 2001), thus confirming that CRH antagonists may require
a background of hyper-anxiety to show anxiolytic-like effects. Interestingly,
the anxiolytic effects of R121919 in hyper-anxious rats were independent of
the dose-dependent attenuation of the HPA axis activity in the same ani-
mals, further confirming that behavioural alterations and HPA axis activity
are not necessarily linked to each other. Inversely, in the same psychopatho-
logical rat model, synthetic CRH given i.c.v. induced marked anxiogenic ef-
fects in HAB, but not LAB animals (A. Wigger and K. Michael, unpublished
data).

Finally, CRH mRNA levels have been found to increase upon exposure to
anxiogenic stimuli (Lightmann and Young III 1988; Hsu et al. 1998; Makino
et al. 2002), particularly in the PVN, and to decrease upon treatment with
clinically effective anxiolytics and antidepressants (Brady et al. 1992; Imaki
et al. 1995). In addition to CRH mRNA, acute exposure to various stressors or
intracerebroventricular CRH has been shown to upregulate CRHR-1, but not
CRHR-2, mRNA in the rat PVN (Makino et al. 1997; Jezova et al. 1999; Arima
and Aguilera 2000; van Pett et al. 2000). In rats bred for either high (HAB) or
low (LAB) trait anxiety, more inter-line differences were reported in CRHR-2
than CRHR-1 expression, with more CRHR-2 mRNA found, for example, in
the PVN and central amygdala of HAB animals. In contrast to AVP mRNA,
however, CRH mRNA levels failed to differ between HAB and LAB animals
(Wigger et al. 2004).

Disturbance of the prenatal environment by stressing the mother can lead
to increased CRH gene expression in the fetal PVN (Fujioka et al. 1999) and
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amygdala (Ward et al. 2000). These findings support the notion that mother–
infant interactionsmaybeacritical factor indetermining the futuredisposition
of the offspring to anxiety. Despite the HPA axis stimulation, repeated maternal
deprivation in the postpartum period seemed to cause a decrease in the level
of CRH gene expression in the PVN (Hatalski et al. 1998; Dent et al. 2000).
Interestingly, the nature of the separation determined the direction of the
long-term changes in CRH system gene expression and behaviour. Handling,
i.e. short periods of separation from the mother, decreased hypothalamic CRH
gene expression and stress vulnerability, whereas longer periods of maternal
separation seemed to have the opposite effects, including increased CRH gene
expression, exaggerated HPA axis responses to stress and increased anxiety-
related behaviour (Plotsky and Meaney 1993; Rots et al. 1996; Caldji et al.
1998; Wigger and Neumann 1999; Meaney 2001). Likewise, offspring from
low licking/grooming mothers showed increased CRH gene expression in the
central nucleus of the amygdala and increased CRH receptor levels in the locus
coeruleus (Caldji et al. 2000).

Many studies implicated alterations of the central CRH system in the aetiol-
ogy of human stress disorders, particularly anxiety and depression (Arborelius
et al. 1999; Holsboer 1999; Bakshi and Kalin 2000; Dautzenberg and Hauger
2002; Heinrichs and Koob 2004). In this context it is of note that Zobel et al.
(2000) recently succeeded in alleviating symptoms in depressed patients after
treatment with the newly developed CRHR-1 antagonist R121919. Clearly, fur-
ther investigation focusingonsite-specific injections, receptor subtype-specific
antagonists, time-independent effects and proper genetic manipulations will
assist in resolving the controversy of physiological roles of CRH-related neu-
ropeptide and their receptor subtypes in anxiety-related behaviour and psy-
chopathology.

3.2
Vasopressin

AVP and oxytocin are neuropeptides closely related to the CRH neuropeptide
family. They are mainly synthesized in parvo- and magnocellular neurons of
the hypothalamic PVN and supraoptic nucleus. Upon appropriate stimulation,
AVP and oxytocin are secreted from axon terminals into the systemic circula-
tion. This secretion occurs at the level of the posterior pituitary, where axons
from magnocellular neurons terminate, or of the eminentia mediana, where
neuropeptides of parvo- and magnocellular (Wotjak et al. 2002; Engelmann
et al. 2004) origin are secreted into the portal blood system. There are lines of
evidence suggesting that AVP, oxytocin and neuropeptides of the CRH fam-
ily are closely interrelated in these peripherally projecting neuronal systems.
A direct action of CRH and urocortin on magnocellular neurons (Bruhn et al.
1986; Kakiya et al. 1998) is confirmed by the presence of CRHR-1 and CRHR-2
on these neurons (Arima and Aguilera 2000). In neuroendocrine parvocellular
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neurons of the PVN, AVP and CRH are co-localized and act synergistically
to release ACTH; their gene transcription may be differentially regulated (Itoi
et al. 1999; Helmreich et al. 2001).

Dependent on the quality and intensity of the stressor, the CRH/AVP ratio
released into the portal blood may vary (Aguilera et al. 2002). CRH appears to
be the dominant trigger for HPA axis activation during acute stress, while AVP
may be more important in mediating chronic and repeated stress (Jessop 1999;
Aguilera and Rabadan-Diehl 2000; Makino et al. 2002). In this context it is of
note that the sensitivity of CRH and AVP transcription to glucocorticoid nega-
tive feedback is different, with PVN (1) AVP mRNA levels being more sensitive
than are the levels of CRH mRNA (Makino et al. 2002) and (2) CRHR-1 mRNA
levels being reduced, and V1b receptor mRNA levels and coupling to phospho-
lipase C being stimulated by elevated glucocorticoids (Ma et al. 1999; Aguilera
and Rabadan-Diehl 2000). These effects may contribute to the refractoriness
of AVP-stimulated ACTH secretion to glucocorticoid feedback.

The suggestion that AVP is critical for sustaining corticotrope responsive-
ness in the presence of elevated glucocorticoid levels is supported by Müller
et al. (2000b). These authors succeeded in showing that in mice deficient in the
CRHR-1, a selective compensatory activation of the AVP system occurs that
maintains basal ACTH secretion and HPA axis activity (Fig. 1). In addition,
AVP released within the PVN (Wotjak et al. 1996) and the supraoptic nucleus
(Wotjak et al. 2002) may contribute to HPA axis regulation, suggesting an in-
volvement of magnocellular AVP at multiple levels in the fine-tuned regulation
of ACTH secretion. Oxytocin has been described to attenuate the HPA axis ac-
tivity in rats (Neumann et al. 2000; Legros 2001). Importantly, although being
essential components of the HPA axis, the most salient behavioural effects of
CRH, AVP, and oxytocin are mediated outside the axis.

In addition to peripheral secretion, both AVP and oxytocin are centrally re-
leased in a differentiated manner. Depending upon the intensity and quality of
the stimulus, neurons within both the PVN and SON are apparently capable of
regulating their peripheral (from axon terminals) and central (predominantly
from dendrites) release of AVP/oxytocin in either a co-ordinated or indepen-
dent manner (Neumann et al. 1993; Landgraf 1995; Ludwig 1998; Wotjak et al.
1998; Ludwig et al. 2002). The central release is known to contribute to be-
havioural regulation, including learning and memory processes, emotionality,
stress coping, and affiliation (Engelmann et al. 1994, 1996; Ebner et al. 1999;
Young 2001; Wigger et al. 2003), and to the control of HPA axis activity (Wotjak
et al. 1998, 2002; Keck et al. 2002).

In the brain, the effects of AVP are mediated through G protein-coupled re-
ceptors, which have been classified as V1a and V1b subtypes, the former being
expressed—inter alia—at the level of the amygdala, septum and hypothalamus
(Ostrowski et al. 1992; Tribollet et al. 1999). While the V1b receptor is primarily
localized in the anterior pituitary, it has also been detected in various brain
areas, including the amygdala, the hypothalamus and the hippocampus (Lolait
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et al. 1995; Hernando et al. 2001), and has recently been shown—in addition
to the V1a receptor (Landgraf et al. 1995)—to be involved in the regulation of
anxiety- and depression-related behaviour (Griebel et al. 2002). V1b receptor
knockout mice, however, did not differ in elevated plus maze-related parame-
ters from their wild-type littermates (Wersinger et al. 2002) raising concerns
about possible developmental confounds. Interestingly, both V1a and V1b re-
ceptors are essentially expressed in magnocellular vasopressinergic neurons
themselves (Hurbin et al. 2002), suggesting an involvement in both positive
feed-back action (Wotjak et al. 1994; Hurbin et al. 2002) and HPA axis regula-
tion (Wotjak et al. 1996, 2002).

While not studied in as much depth as CRH and while the central AVP sys-
tem is thought to be primarily involved in cognition (Engelmann et al. 1996;
McEwen 2004), AVP is likely to play a role in emotionality. Using antisense
targeting, we provided compelling evidence for septal V1a receptors being
involved in the regulation of anxiety-related behaviour of rats as scored on
the elevated plus maze. Transient and selective downregulation in septal V1a
receptor density resulted not only in marked cognitive deficits, but also in
reduced anxiety compared to controls (vehicle, mixed bases, sense) (Landgraf
et al. 1995). In a follow-up experiment (Liebsch et al. 1996), synthetic AVP was
administered by inverse microdialysis to mimic intraseptal release patterns
as closely as possible. While a dose of AVP as low as 0.25 ng (delivered over
a 30-min retrodialysis period) failed to alter plus-maze behaviour, rats treated
with a V1a/b receptor antagonist (5 ng over a 30-min retrodialysis period)
made significantly more entries into and spent more time on the open arms
of the maze, indicating reduced anxiety-related behaviour. Neither AVP nor
its antagonist influenced locomotor activity of the rats. These data give rise to
the hypothesis that AVP acts at the level of the septum to co-ordinate different
central functions such as learning, memory and emotionality, which, in con-
cert, determine adequate behavioural responses of an animal to environmental
demands.

As mentioned before, both V1a (Landgraf et al. 1995) and V1b (Griebel et al.
2002) receptors are critically involved in mediating anxiogenic-like activity of
the centrally released neuropeptide in rats and mice. Accordingly, male prairie
voles, over-expressing the V1a receptor in their ventral pallidum, exhibited
a decrease in time spent in the open arm of the elevated plus maze and higher
levels of affiliation as measured by increased time investigating and huddling
with a juvenile (Pitkow et al. 2001). The authors claimed that the increases
in anxiety and affiliation are probably regulated by different mechanisms.
Whereas Bhattacharya et al. (1998) and Ronan et al. (2001) confirmed an
anxiogenic effect of central AVP in the rat, Appenrodt et al. (1998) described
anxiolytic effects of both centrally and peripherally administered AVP.

Again, the physiological impact of this neuropeptide has to be confirmed
in a proper animal model. Indeed, under both basal and stressful conditions,
more AVP mRNA was detectable in the PVN of hyper-anxious HAB than LAB
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animals without any difference in oxytocin mRNA (Murgatroyd et al. 2004;
Wigger et al. 2004). mRNA and peptide levels, however, are not necessarily
regulated in the same manner by a particular manipulation or event. There-
fore, in addition to its increased expression, AVP release patterns under basal
conditions and upon stimulation have recently been measured by microdialy-
sis in freely behaving rats. It turned out that more AVP is released within the
PVN of HAB versus LAB rats (Fig. 2; Wigger et al. 2004), suggesting centrally
released AVP plays a major role in the hyper-reactive HPA axis of the former
(Neumann et al. 1998; Landgraf et al. 1999). This is strongly supported by Keck
et al. (2002), who succeeded in showing the pathophysiological relevance of an
over-production of AVP in HAB rats. In more detail, the pathological outcome
of the dexamethasone suppression/CRH challenge test in HABs (i.e. both el-
evated plasma levels of ACTH and response to synthetic CRH despite prior
dexamethasone administration) could be abolished by co-administration of
a V1a/b receptor antagonist. In addition to HPA axis regulation, intra-PVN
over-expression of AVP was suspected to be critically involved in the regu-
lation of anxiety-related behaviour. Indeed, bilateral PVN administration of
a V1a/b antagonist by inverse microdialysis resulted in an attenuation of hyper-
anxiety/depression, thus making the behaviour of HAB more similar to that
of LAB rats (Wigger et al. 2004). This finding was subsequently supported by
long-term treatment of both HAB and LAB animals with the antidepressant
paroxetine, which induced a shift towards more active stress-coping in the
former only. Interestingly, this antidepressive effect was associated with a nor-
malization of AVP over-expression at the level of the PVN of HAB animals
(Keck et al. 2003). Likewise, the development of a depressive illness in a man
with an olfactory neuroblastoma, associated with elevated AVP levels, resolved
following surgical resection of the tumour and subsequent normalisation of
AVP levels (Müller et al. 2000a). These findings, substantiating previous results
(Altemus et al. 1992; de Bellis et al. 1996), make the vasopressinergic system
a target for future anxiolytic and antidepressant drugs (Landgraf and Wigger
2003). In this context, both V1a (Liebsch et al. 1996; Wigger et al. 2004) and
V1b (Griebel et al. 2002) receptor antagonists may be of therapeutic benefit.

Based on comprehensive neuroendocrine and behavioural phenotyping
of HAB/LAB rats, the AVP gene was considered a candidate gene of trait
anxiety/depression (Landgraf and Wigger 2002, 2003). Indeed, a variety of
molecular–genetic approaches succeeded in identifying a single nucleotide
polymorphism (SNP; a single nucleotide base within a DNA sequence is re-
placed with another) in the promoter sequence of the AVP but not CRH gene
of HABs, likely to underlie AVP over-expression and, thus, the behavioural and
neuroendocrine phenomena of hyper-anxiety (Murgatroyd et al. 2004). This,
together with polymorphisms in the AVP receptor promoter sequence (Young
2001), may prove useful for determining the molecular-genetic mechanisms
underlying psychiatric disorders.



350 R. Landgraf

Fig. 2 Increased synthesis, content and release of vasopressin (AVP) in the PVN of high-
anxiety (HAB) vs low-anxiety (LAB) rats under basal circumstances. Above left: in situ
hybridization. Above right: immunocytochemistry (courtesy of Dr. N. Singewald, University
of Innsbruck). Middle and below: intra-PVN release of AVP and oxytocin (OXT) measured
by in vivo microdialysis under basal conditions and in response to hypertonic stimulation to
reveal the releasable neuropeptide pool. *p<0.05, **p<0.01 vs LAB. (Adapted from Wigger
et al. 2004)
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Further studies are needed to characterize the mechanisms underlying AVP
over-expression and over-release in more detail. The same holds true for the
hyper- and hypo-emotional Roman low- and high-avoidance rats, originally
selected and bred for poor versus rapid acquisition of two-way active avoidance
response (Steimer and Driscoll 2003). In the former, more ACTH and corticos-
terone were secreted upon a mild stressor, again indicating a hyper-reactive
HPA axis. This was shown to be associated with higher AVP mRNA levels in the
PVN, whereas CRH mRNA did not differ between the lines (Aubry et al. 1995).

In view of the wide range of CRH and AVP effects on anxiety-related be-
haviour, one can hypothesize that—similar to but independent of HPA axis
regulation—both neuropeptides in varying ratios may shape emotionality, de-
pendent on the intensity and quality of the anxiogenic stimulus. Although the
role of a given neuropeptide has to be strictly considered in context to its co-
players, the pivotal role of AVP is becoming increasingly appreciated (Landgraf
and Wigger 2002, 2003; Scott and Dinan 2002).

3.3
Oxytocin

In addition to its well-known reproductive functions, oxytocin released within
the mammalian brain is known to be involved in a variety of regulatory
pathways including those underlying social, sexual, maternal (Argiolas and
Gessa 1991; Richard et al. 1991; Landgraf 1995; Bielsky and Young 2004) and
depression-like behaviour (Arletti and Bertolini 1987). Following peripheral
(Uvnäs-Moberg et al. 1994) or central (Windle et al. 1997) administration, an
anxiolytic-like effect has been described in rats. Oxytocin infused into the
central nucleus of the amygdala, but not the ventromedial nucleus of the hy-
pothalamus, was anxiolytic, indicating brain region-specific effects (Bale et al.
2001). Recently, Neumann et al. (2000) succeeded in showing that a specific
oxytocin antagonist given centrally significantly enhanced the anxiety-related
behaviour in both pregnant (Fig. 3A) and lactating rats, without exerting sim-
ilar effects in virgin female or male animals. Thus, the anxiogenic effects of the
oxytocin antagonist appear to depend on the cycle-stage, revealing an anxi-
olytic action of central oxytocin only at a time when the brain oxytocin system
is highly activated. Along the same lines, reduced anxiety-related behaviour
has been shown previously in lactating rats (Hard and Hansen 1984). These
reproduction-dependent behavioural alterations might be related to the com-
plex pattern of maternal behaviour, which includes an increased aggressive
behaviour toward conspecifics in order to protect the offspring (Erskine et al.
1978). Thus, activation of the central oxytocin system during the peripartum
period (Landgraf et al. 1992) may be related not only to the onset of maternal
behaviour to provide nutritional and social support for the young, but also
to the reduction in anxiety-related behaviour necessary for their protection
(Neumann et al. 2000).
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Fig. 3A, B Neuropeptide effects on anxiety-related behaviour. A The oxytocin receptor an-
tagonist (black bars) administered intracerebroventricularly (i.c.v.) increased indices of
anxiety-related behaviour in pregnant rats as measured on the elevated plus maze. Entries
into the closed arms indicate unchanged locomotor activity. B Prolactin is an anxiolytic
neuropeptide in female rats as revealed by i.c.v. administration of synthetic prolactin (grey
and black bars represent two different doses) and by antisense targeting of the prolactin
receptor (R). Vehicle (white bars) vs mixed bases (grey bars) and antisense oligodeoxynu-
cleotide (black bars). *p<0.05 vs vehicle (white bars). (Adapted from Neumann et al. 2000)
and Torner et al. 2001)

Unlike AVP, oxytocin does not seem to be involved in trait anxiety, as its
expression and release in the PVN did not differ between HAB and LAB rats
(Wigger et al. 2004).

3.4
Cholecystokinin

Cholecystokinin (CCK) is one of the brain–gut peptides. Its most abundant
form in the brain is the C-terminal sulphated octapeptide fragment CCK8,
which interacts with the same affinity with both CCK receptor subtypes, CCK-
A and CCK-B. Extensive pharmacological studies have been carried out over
the last few years suggesting that CCK may participate in the neuroendocrine
responses to stress (Harro et al 1993; Daugé and Léna 1998). Interestingly,
CCK8 and CRH are co-localized in neurons of the hypothalamic PVN (Mezey
et al. 1985).
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Together with CRH, CCK belongs to the most extensively studied neu-
ropeptides in anxiety models. Generally, CCK is thought to induce anxiogenic-
like effects, although the results of those studies have been highly variable
and sometimes contradictory (Griebel 1999). This is presumably because the
behavioural profile observed after CCK administration depends on baseline
anxiety levels (Harro et al. 1993; Daugé and Léna 1998) as has already been
shown for CRH and CRH antagonists (see above). Furthermore, anxiogenic-
like effects have been revealed, in large part, by behavioural tests based on
exploratory activity, suggesting that these paradigms are more suitable for the
investigation of CCK than those based on punished responses. The hetero-
geneity of behavioural responses produced by CCK can further be explained
by the fact that the neuropeptide has been infused in different brain areas in
order to delineate the anatomical substrate of CCK-induced anxiogenic-like
effects. Local administration of CCK8 directly into the amygdala, for exam-
ple, produced hyper-anxiety (Frankland et al. 1997), but not in the anterior
nucleus accumbens (Daugé et al. 1990). Regional differences in CCK receptors
are probably responsible for this discrepancy. Interestingly, CCK-B antago-
nists have been shown to induce antidepressant-like effects in rodents (Izumi
et al. 1996). In this context, limbic brain structures, particularly the nucleus
accumbens and the central amygdala, seem to play a role in the interaction
between CCK-B receptors and enkephalins to produce antidepressant-like ef-
fects. Decreased amygdala CCK-B receptor binding has been demonstrated
in rats with high anxiety-like responses on the plus maze, possibly as a com-
pensation for increased CCK activity (Wunderlich et al. 2002). As has recently
been shown in CCK receptor gene knockout mice, however, the role of the
receptor subtypes in anxiety-related behaviour is still controversial (Miyasaka
et al. 2002).

CCK8 concentrations were found to be lower in panic patients than in nor-
mal control subjects (Brambilla et al. 1993) and the CCK-B receptors were
hyper-sensitive in panic disorders (Akiyoshi et al. 1996). Accordingly, CCK-B
receptor agonists such as pentagastrin or CCK-4 have panic-like anxiogenic
effects in humans (Radu et al. 2002). Clinical trials, however, have provided
inconclusive data about the anxiolytic potential of CCK-B antagonists (Shlik
et al. 1997).

3.5
Neuropeptide Y

Neuropeptide Y (NPY) is a highly conserved 36 amino acid peptide of the
pancreatic polypeptide family that is widely distributed throughout the mam-
malian brain. Y1 and Y2 receptors represent the major subtypes expressed in
brain areas known to be activated upon anxiogenic stimulation, thus providing
the rationale for studying the involvement of NPY and its receptor subtypes
in anxiety-related behaviour (Kask et al. 2002). Other receptor subtypes in
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the rat (Y4, Y5) have not been linked to anxiety regulation with certainty
(Sajdyk et al. 2002a).

Central administration in rats has shown that NPY produces anxiolytic-like
and antidepressant-like actions in a variety of behavioural tests (Broqua et al.
1995; Sajdyk et al. 1999; Stogner and Holmes 2000; Redrobe et al. 2002a,b), and
NPY knockout mice have been reported to display an anxiogenic-like pheno-
type (Bannon et al. 2000). Accordingly, the elevated expression of NPY mRNA
in limbic regions of rat brains was found to be associated with less anxiety-
like behaviours (Miller et al. 2002), and NPY-transgenic rats show signs of
behavioural insensitivity to stress and fear (Thorsell et al. 2000; Thorsell and
Heilig 2002).Consistentwith the co-localizationofNPYwithnorepinephrine in
many brain areas is the notion that norepinephrine, but not the γ-aminobutyric
acid (GABA)/benzodiazepine receptor complex, may be involved in the anxi-
olytic effects of NPY (Griebel 1999). Similar to NPY, high-affinity Y1 agonists
induced anxiolysis, whereas a highly selective nonpeptide Y1 receptor antago-
nist was found to produce anxiogenic-like effects (Broqua et al. 1995; Kask et al.
1998), thereby confirming the critical involvement of the Y1 receptor subtype
in the regulation of anxiety-related behaviour. This is further supported by the
finding that downregulation of the Y1 receptor expression by antisense target-
ing resulted in anxiogenic-like effects (Wahlestedt et al. 1993) and blocked the
anxiolytic actionofbilateralNPYadministration in theamygdala (Heilig 1995).
Unfortunately, in the latter study the behavioural specificity of intra-amygdala
NPYeffects in theplusmaze remainedunclear, as therewasno report regarding
treatment effects on closed arm entries indicative of locomotor activity.

UnlikeY1receptoragonists,NPYanalogues thatbindselectively to theY2re-
ceptor subtype failed to influenceanxiety-relatedbehaviour (Brittonetal. 1997)
or appeared to produce anxiogenic responses (Sajdyk et al. 2002b). Similarly,
mice lacking Y2 receptors displayed an anxiolytic-like phenotype, suggesting
that this receptor subtype may play an inhibitory role in the anxiolytic-like
effects of NPY (Redrobe et al. 2003; Tschenett et al. 2003).

Heilig et al. (1994) as well as Britton et al. (2000) and Kask et al. (2001)
suggested NPY to be an endogenous neuropeptide that “buffers” against the
stressor-induced release of CRH. Interestingly, the latter has been shown to
stimulate the release of NPY from the rat PVN (Morris and Pavia 1998), further
supporting an interaction between central CRH and NPY in vivo.

Recently, Kask et al. (2002) provided evidence indicating that alterations in
NPY synthesis and release in a variety of brain areas may be relevant for the
pathogenesis of psychiatric diseases.

3.6
Substance P

Substance P, the most abundant neurokinin in the brain, is widely distributed;
its NK1 receptor is highly expressed in areas traditionally implicated in the reg-
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ulation of emotionality such as the amygdala. Central administration of sub-
stance P has been found to induce anxiogenic effects in the elevated plus maze
(Teixeira et al. 1996; de Araujo 1999), whereas administration of substance P
antagonists produced anxiolysis in different tests of anxiety and animal models
(File 2000; Varty et al. 2002). Again, it seems that these effects depend on both
the neuropeptide dose and the specific brain region (Hasenöhrl et al. 2000). Re-
cently, diminished anxiety- and depression-related behaviours were described
in mice with selective deletion of the Tac1 gene, which encodes substance P
and neurokinin A (Bilkei-Gorzo et al. 2002). Furthermore, both genetic dis-
ruption and pharmacological blockade of the NK1 receptor in mice resulted in
a reduction of anxiety and stress-related responses as well as in a selective de-
sensitization of 5-HT1A inhibitory autoreceptors, which resembles the effect of
sustained antidepressant treatment (Santarelli et al. 2001). Also NK2 receptor
antagonists were suggested to have a potential in the treatment of some forms
of anxiety disorders (Griebel et al. 2001).

In a 6-week double-blind, placebo-controlled trial in patients diagnosed
with comorbid anxiety and depression, Kramer et al. (1998) described the
anxiolytic and antidepressant effects of the NK1 antagonist, MK-869.

3.7
Prolactin

Convincing evidence of an anxiolytic action of both exogenous and endoge-
nous prolactin has recently been provided by Torner et al. (2001). While intrac-
erebral infusion of this neuropeptide exerted anxiolytic effects on the elevated
plus maze in a dose-dependent manner in both male and female rats (Fig. 3B),
downregulation of the long form of the prolactin receptor by highly efficient
antisense targeting resulted in increased anxiety-related behaviour. In addition
to its behavioural action, prolactin was shown to attenuate the responsiveness
of the HPA axis to an emotional stressor (Torner et al. 2001). These actions
seem to be of particular relevance in females during lactation (Torner and
Neumann 2002).

3.8
Other Neuropeptides

Another neuropeptide that is involved in anxiogenic and fearful responses is
calcitonin gene-related peptide (Poore and Helmstetter 1996). Likewise, central
administration of angiotensin II in the rat increases anxiety-related behaviour
(Wright and Harding 1992). Accordingly, transgenic rats accumulating an-
giotensin II in the brain exhibit signs of hyper-anxiety (Wilson et al. 1996).
On the other hand, mice lacking the angiotensin II type-2 receptor displayed
increased anxiety-related behaviour (Okuyama et al. 1999), but mice lacking
angiotensinogen did not differ in their anxiety-related behaviour from controls
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(Walther et al. 1999). Increased levels of anxiety after central administration
of the glucagon-like peptide-1 (7-36) amide have been reported by Kinzig
et al. (2003).

Melanin-concentrating hormone, an orexigenic hypothalamic neuropep-
tide, has recentlybeenshowntobe likely to induceanxiogenic effects (Borowski
et al. 2002; but see Monzón and deBarioglio 1999).

Other neuropeptides thought to induce anxiolytic effects include nociceptin
(orphanin FQ; Jenck et al. 2000), galanin (Bing et al. 1993), atrial natriuretic
peptide (Bhattacharya et al. 1996; Ströhle et al. 1997; Wiedemann et al. 2000),
neuropeptide S (Xu et al. 2004) and enkephalin (Bilkei-Gorzo et al. 2001).
While κ-receptors do not seem to be involved in emotionality, µ- and δ-opioid
receptors act oppositely in behavioural regulation, the latter contributing to
hypo-anxiety (Filliol et al. 2000). More work is needed to reveal and to con-
firm the physiological significance of these neuropeptides in the regulation of
anxiety-related behaviour.

4
Summary

The ability to quickly and unambiguously identify and interpret threaten-
ing stimuli is of an obvious selectional advantage for an individual and the
species, as is the termination for the anxiety-inducing signal in order to pre-
vent overshooting and disrupting homeostasis. Particularly due to their high
number and diversity, the dynamics of their central release and the multiple
and variable modes of interneuronal communication they are involved in, neu-
ropeptides play a major role in the regulation of anxiety-related behaviour and
psychopathology.

Methodological differences may account for discrepant results found with
the same neuropeptide. A major weakness of many of the studies mentioned
in this review is that they examined only one element of a complex neuropep-
tidergic system in a single brain region at a certain time point. Future studies in
which multiple components of neuropeptidergic systems are all studied at once
and in various brain areas in their dynamics will aid in understanding how
the individual elements of this system co-ordinate their activity in regulating
anxiety-related behaviour.

Neuropeptides central to behavioural regulation and psychopathology may
interact with other neuromodulators/neurotransmitters, including neuropep-
tides (Holmes et al. 2003). If so, they may act in the same direction; AVP, for
example, can synergize with and potentiate the anxiogenic effects of CRH. On
the other hand, neuropeptides such as AVP versus oxytocin or CRH versus
NPY might be released simultaneously, indicating opposing processes in the
fine-tuned regulation of anxiety-related behaviour. Therefore, the frequently
asked question of whether a particular neuropeptide is anxiolytic or anxio-
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genic in its physiological effects can often only be answered in the context of
its co-players.

Manipulations of a given neuropeptidergic system have to consider the
dynamics of local release patterns and subsequent multiple and variable modes
of neuropeptide communication (Landgraf and Neumann 2004). Despite the
immense progress in the field of neuropeptides and anxiety, we are far away
from mimicking these processes by simply administering synthetic agonists
or receptor antagonists, which reflects the challenge of treating and curing
anxiety disorders and comorbid depression.
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Abstract This chapter discussed how neuroendocrine findings in posttraumatic stress dis-
order (PTSD) potentially inform hypothalamic-pituitary-adrenal (HPA) alterations in PTSD
and highlight alterations relevant to the identification of targets for drug development. Most
studies demonstrate alterations consistent with an enhanced negative feedback inhibition
of cortisol on the pituitary, an overall hyperreactivity of other target tissues (adrenal gland,
hypothalamus), or both in PTSD. However, findings of low cortisol and increased reactivity
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of the pituitary in PTSD are also consistent with reduced adrenal output. The observations in
PTSD are part of a growing body of neuroendocrine data providing evidence of insufficient
glucocorticoid signaling in stress-related neuropsychiatric disorders.

Keywords Posttraumatic stress disorder · Cortisol · Neuroendocrine alterations ·
Negative feedback inhibition · Glucocorticoid receptors · CRF

1
Introduction

The development of drugs that might be effective in treating anxiety disorders
in part depends on the ability of clinical neuroscience to identify biologic al-
terations that might serve as targets for drug development. Unfortunately, an
observable biologic change—even one that is directly correlated with severity
of symptoms or the absence or presence of a disorder—does not always con-
stitute a core pathophysiologic process requiring biologic “repair.” Biologic
alterations may be present in specific anxiety disorders because they are cor-
relates or proxies for other pathophysiologic processes, or even because they
represent compensatory mechanisms of adaptation.

The study of the neuroendocrinology of posttraumatic stress disorder
(PTSD) has been illuminating in highlighting alterations that have not his-
torically been associated with pathologic processes. The most infamous of
these findings—low cortisol levels—has been subjected to much discussion
and scrutiny, likely because it has been a counterintuitive result, given modern
interpretations of the damaging effects of stress hormones. Indeed, the initial
observation of low cortisol in a disorder precipitated by extreme stress directly
contradicted the popular formulation of hormonal responses to stress, the
“glucocorticoid cascade hypothesis” (Sapolsky 1986), which was emerging as
a cogent rationale for antiglucocorticoid treatments in depression, and other
psychiatric disorders thought to be driven by hypercortisolism.

This chapter discusses how cortisol findings in PTSD potentially inform
hypothalamic–pituitary–adrenal (HPA) alterations in PTSD and highlights
what might be true targets of drug development. The observations in PTSD
are part of a growing body of neuroendocrine data providing evidence of in-
sufficient glucocorticoid signaling in stress-related neuropsychiatric disorders
(Raison and Miller 2003). The majority of studies demonstrates alterations
consistent with an enhanced negative feedback inhibition of cortisol on the
pituitary, an overall hyperreactivity of other target tissues (adrenal gland,
hypothalamus), or both in PTSD. This model explains most of the reported
observations in PTSD. Theoretically, however, findings of low cortisol and in-
creased reactivity of the pituitary in PTSD are also consistent with reduced
adrenal output (Maes et al. 1998; Heim et al. 2000), but this latter model is only
supported by the minority of HPA alterations observed in PTSD.
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It may be that models of enhanced negative feedback, increased HPA re-
activity, and reduced adrenal capacity explain different facets of the neu-
roendocrinology of PTSD, or that the tendency for reduced adrenal output
may represent a pre-existing risk factor related to certain types of early ex-
periences, at least in certain persons who develop PTSD. On the other hand,
alterations associated with enhanced negative feedback inhibition may develop
over time in response to the complex biologic demands of extreme trauma and
its aftermath. Moreover, the findings of increased HPA reactivity may reflect
a more nonspecific response to ongoing environmental challenges associated
with having chronic PTSD. Furthermore, the absence of cortisol alterations in
some studies imply that alterations associated with low cortisol and enhanced
negative feedback are only present in a biologic subtype of PTSD. The observa-
tions in the aggregate, and the alternative models of pathology or adaptation
suggested by them, must be clearly understood in using neuroendocrine data
in PTSD to identify targets for drug development.

2
Basal HPA Hormone Levels in PTSD

The first report on cortisol levels in PTSD was that of Mason et al. who found
that the mean 24-h urinary excretion of cortisol was significantly lower in
combat Vietnam veterans with PTSD compared to psychiatric patients in four
other diagnostic groups (Mason et al. 1986). The authors noted surprise at
the fact that cortisol levels were low, since “certain clinical features such as
depression and anxiety [in PTSD] might have been expected to be associated
with increased activity of the pituitary-adrenal cortical system.” Since this
initial observation, the majority of the evidence supports the conclusion that
cortisol alterations in PTSD are different from those observed in acute and
chronic stress, and major depression, but more importantly, that the HPA axis
appears to be regulated differently.

2.1
Urinary Cortisol Levels in PTSD

The initial report of sustained, lower urinary cortisol levels in PTSD high-
lighted the disassociation between cortisol and catecholamine levels in PTSD.
Norepinephrine and epinephrine levels assayed from the same urine speci-
mens revealed elevations in both of these catecholamines, while cortisol levels
in PTSD fell within the “normal range” of 20–90 µg/day, indicating that the
alteration was not in the “hypoadrenal” or endocrinopathologic range (Mason
et al. 1986). This finding established the expectation that alterations in basal
levels of cortisol might be subtle, and not easily differentiated from normal
values (Mason et al. 1986).
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Table 1 shows that this is in fact the case. Whereas the majority of stud-
ies has found evidence of low cortisol in PTSD, it is clear that group dif-
ferences are not always present between subjects with and without PTSD.
The inconsistency in published reports examining urinary 24-h cortisol levels
has been widely noted. There are numerous sources of potential variability
in such studies related to the selection of subjects and comparison groups,
adequate sample size, and sample inclusion/exclusion criteria, as well as con-
siderations that are specific to the methods of collecting and assaying cor-
tisol levels, that can explain the discrepant finding. However, the simplest
explanation for disparate observations is that cortisol levels can show day
to day fluctuations, making it difficult to consistently observe group differ-
ences.

Table1 Summary of data from studies of 24-h urinary cortisol excretion in adults with PTSD

Author(s), year Trauma Trauma Normal Psychiatric

survivors with w/out PTSD comparison comparison

PTSD Cortisol Cortisol Cortisol Cortisol

µg/day (n) µg/day (n) µg/day (n) µg/day (n)

Mason et al. 1986* 33.3 (9) 48.5 (35)

Kosten et al. 1990* 50.0 (11) 55.0 (28) 70.0 (18)

Pitman and Orr
1990**

107.3 (20) 80.5 (15)

Yehuda et al. 1990* 40.9 (16) 62.8 (16)

Yehuda et al. 1993a* 38.6 (8) 69.4 (32)

Yehuda et al. 1995b* 32.6 (22) 62.7 (25) 51.9 (15)

Lemieux and Coe
1995**

111.8 (11) 83.1 (8) 87.8 (9)

Maes et al. 1998** 840.0 (10) 118 (17) 591.0 (10)

Thaller et al. 1999* 130.9 (34) 213.9 (17)

Baker et al. 1999 84.4 (11) 76.2 (12)

DeBellis et al. 1999** 57.3 (18) 43.6 (24) 56.0 (10)

Yehuda et al. 2000* 48.3 (22) 65.1 (15)

Rasmusson et al.
2001

42.8 (12) 34.6 (8)

Glover and Poland
2001*a

9.8 (14) 16.5 (7) 12.8 (8)

*Denotes findings in which cortisol levels were significantly lower than comparison
subjects, or, in the case of Kosten et al., from depression only. **Denotes findings in which
cortisol levels were significantly higher than comparison subjects. aResults are from a 12-h
rather than 24-h urine collection and are expressed as µg/12 h.
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2.2
Cortisol Levels Over the Diurnal Cycle in PTSD

Among the many potential methodologic problems associated with 24-h urine
collections is the possibility that persons who are asked to collect 24-h samples
at home may not provide complete collections. To the extent that there may be
a systematic bias in protocol nonadherence between subjects with and without
PTSD, in that the former might be more likely to miss collections than the
latter, this could contribute to observed low cortisol levels. One of the initial
rationales for performing a comprehensive circadian rhythm analysis was to
corroborate and extend findings from the 24-h urine excretion studies and
those using single-point estimates (Yehuda et al. 1990). An initial study of cir-
cadian parameters in PTSD was conducted by obtaining 49 consecutive blood
samples from three groups of subjects—Vietnam combat veterans with PTSD,
subjects (largely veterans) with major depression, and non-psychiatric com-
parison subjects—every 30 min over a 24-h period under carefully controlled
laboratory conditions.

Mean basal cortisol release was found to be significantly lower in the PTSD,
and cortisol levels were also reduced, at several points during the circadian
period, primarily in the late evening and early morning hours compared to
the other groups. The major difference between PTSD and non-PTSD groups
was that cortisol levels were lower in the late night and very early a.m., and
remained lower for a longer period of time in PTSD during hours when sub-
jects are normally sleeping. By the time of awakening, the peak cortisol re-
lease, was comparable in PTSD subjects and age-matched subjects. In a second
study, these findings were replicated and extended in a sample of 52 women
with and without a history of early childhood sexual abuse and PTSD. Cor-
tisol levels obtained every 15 min over a 24-h period demonstrated signifi-
cantly low cortisol levels, this time in the afternoon and evening hours in the
PTSD group.

Thaller et al. also reported that PTSD subjects seemed to show a greater dy-
namic range as evidenced by a greater disparity between 8:00 a.m. and 5:00 p.m.
cortisol levels compared to those of normal controls (Thaller et al. 1999). In
PTSD, mean cortisol levels were 21.6 µg/dl in the a.m. and 8.8 µg/dl in the p.m.
compared to 21.4 µg/dl in the a.m. and 14.6 µg/dl at 5:00 p.m. for compari-
son subjects. These findings are consistent with those obtained from the more
comprehensive circadian rhythm analysis, indicating that cortisol levels are
comparable at their peak, but lower at the nadir in PTSD. In contrast, Hoffman
et al. also reported a greater a.m. to p.m. decline in PTSD, but in this case
subjects with PTSD went from 18.2 µg/dl to 10.1 µg/dl, compared to control
subjects who diminished from 14.1 µg/dl to 9.9 µg/dl (Hoffman et al. 1989).

InYehudaet al., the rawcortisol datawere then subjected to single andmulti-
oscillator cosinor analyses to determine circadian rhythm parameters (Yehuda
et al. 1996b). An increased amplitude-to-mesor (midline estimating statistic of
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rhythm) ratio reflected the fact that PTSD subjects displayed a greater dynamic
range of cortisol compared to controls. That is, although the cortisol peak
among individuals without PTSD was not statistically different from the peak
among individuals with PTSD, the lower trough among those with PTSD, and
the longer period spent at the nadir, resulted in a decreased mesor. Considering
differences in thepeakof cortisol relative to themesoralsoprovides anestimate
of the “signal-to-noise” ratio of the system. In contrast, depressed patients
showed a less dynamic circadian release of cortisol, reflected in an increased
mesor of cortisol release over the 24-h cycle, a decreased amplitude-to-mesor
ratio, and an elevated trough (Yehuda et al. 1996b). These findings suggest that
the main feature of basal cortisol release in PTSD is potential for a greater
reactivity of the system.

2.3
Cortisol Levels in Response to Stress

The potential significance of the findings of an increased range of cortisol is
that the HPA axis may be maximally responsive to stress-related cues in PTSD,
whereas major depressive disorder may reflect a condition of minimal respon-
siveness to the environment. That is, an enhanced amplitude-to-mesor ratio
describes a system with particularly low background activity and, accordingly,
a potentially increased capacity to respond to environmental cues. In support
of this, Liberzon et al. observed an increased cortisol [but not increased cor-
ticotrophin (ACTH)] response in combat veterans with PTSD compared to
controls who were exposed to white noise and combat sounds (Liberzon et al.
1999). Elizinga et al. also observed that women with PTSD related to childhood
abuse had substantially higher salivary cortisol levels in response to hearing
scripts related to their childhood experiences compared to controls, who had
relatively lower cortisol levels in response to hearing scripts of other people’s
traumatic stories (Elzinga et al. 2003). Similarly, Bremner et al. also observed
an increased salivary cortisol response in anticipation of a cognitive challenge
test relative to controls in women with PTSD related to childhood abuse (these
were a subset of the same women in whom plasma cortisol levels had been low
at baseline) (Bremner et al. 2003a). The authors suggest that although cortisol
levels were found low at baseline, there did not appear to be an impairment
in the cortisol response to stressors in PTSD. These studies demonstrate tran-
sient increases in cortisol levels that are consistent with the notion of a more
generalized HPA axis reactivity in PTSD.

2.4
Observations About Baseline Cortisol Based on Single Estimates of Plasma or Saliva

Investigationsof singleplasmaandsalivarycortisol levelshavebecome increas-
ingly popular in the last decade given the relative ease in acquiring samples.
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However, the use of a single sampling of cortisol, particularly at a set time of
the day, may not represent an appropriate method for estimating cortisol levels
because of moment-to-moment fluctuations in cortisol levels due to transient
stressors in the environment (including the actual stress of venipuncture or
anticipatory anxiety). Variability in single sampling estimates of cortisol may
also reflect individual variation in sleep cycles. Because cortisol levels steadily
decline from their peak, which is usually observed at 30 min post-awakening
(Hucklebridge et al. 1999), differences in wake-time of several minutes to an
hour may increase the variability substantially.

Table 2 provides a summary of cortisol levels in studies that specifically
obtained 8:00 a.m. cortisol concentrations, and highlights the lack of uniform
findings in relation to cortisol levels, possibly reflecting the above-mentioned
methodologic considerations. Of particular note, however, is Boscarino’s re-
port of low cortisol in a large epidemiologic sample of over 2,000 Vietnam vet-
erans with PTSD compared to those without PTSD, which implies that to con-
sistently observe lowmorning cortisolwould require anextremely large sample
size (Boscarino 1996). The magnitude of difference between PTSD and non-
PTSDsubjects at 8:00a.m.wasverymodest—therewasonly a4%differencebe-
tween veterans with and without current or lifetime PTSD. Cortisol levels were
significantly lower in combat veterans with very high exposure (17.9 µg/day)
compared to those with no or low exposure (19.1 µg/day). The finding of an
inverse relationship between combat exposure severity and 8:00 a.m. cortisol
levels had been reported earlier in a much smaller sample of Vietnam veterans
(Yehuda et al. 1995a).

The use of salivary assessments has helped supply data in studies of children
and adolescents, for whom even a blood draw may be too invasive, and also
helped in our evaluation of longitudinal outcomes. King et al. (2001) observed
significantly low cortisol levels in children aged 5–7 years who had been sexu-
ally abused compared to control subjects. Goenjian et al. (1996) demonstrated
a relationship between low salivary cortisol levels and PTSD symptoms in ado-
lescents exposed to the Armenian earthquake. However, both Lipschitz et al.
(2003) and Carrion et al. (2002) failed to note differences in salivary cortisol
levels at baseline in multiply traumatized adolescents.

Using repeated salivary cortisol assessments in a single individual, Kell-
ner et al. (1997) demonstrated that salivary cortisol decreased dramatically
3 months after a traumatic event, and in the course of further research showed
an inverse relation to fluctuating, but gradually improving PTSD symptoms.
Post-dexamethasone (post-DEX) cortisol was suppressed below the detection
limit early after trauma, and rose again more than 1 year post-trauma. In
a similar case report, Heber et al. demonstrated an increase in basal salivary
cortisol and an increasingly attenuated cortisol response to dexamethasone
(DEX) in PTSD patients who were successfully treated using eye-movement
desensitization reprocessing therapy (EMDR) (Heber et al. 2002), suggesting
some relationship between low cortisol and PTSD symptoms.
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Table 2 Plasma a.m. cortisol levels in PTSD and comparison subjects

Reference Trauma Trauma Normal Psychiatric

survivors with w/out PTSD comparison comparison

PTSD Cortisol Cortisol Cortisol Cortisol

µg/day (n) µg/day (n) µg/day (n) µg/day (n)

Hoffman et al.
1989**

18.2 (21) 14.1 (20)

(23)

Halbreich et al. 1989 7.7 (13) 7.3 (21) 12.3 (MDD)

Yehuda et al. 1991b 14.3 (15) 14.9 (11)

Yehuda et al. 1993b 14.3 (21) 15.1 (12)

Yehuda et al. 1995a* 12.7 (14) 16.4 (12) 15.0 (14)

(14)

Yehuda et al. 1996a# 11.6 (15) 14.2 (15) 12.2 (MDD)

Yehuda et al. 1996a# 11.8 (11) 9.8 (8)

Boscarino 1996* 17.7 (293) 18.4 (2197)

Jensen et al. 1997* 4.6 (7) 8.9 (7) 9.9 (7)

(Panic)

Liberzon et al.
1999**

12.1 (17) 7.9 (11) 9.3 (14)

Thaller et al 1999 21.6 (34) 21.4 (17)

Kellner et al. 2000* 7.8 (8) 13.3 (8)

Kanter et al. 2001*# 7.6 (13) 10.6 (16)

Atmaca et al. 2002** 12.9 (14) 10.7 (14)

Gotovac et al. 2003* 14.4 (28) 17.2 (19)

Seedat et al. 2003* 10.3 (10) 10.6 (12) 13.4 (16)

(45)

Oquendo et al.
2003#*

11.8 (13) 14.8 (24) 16 (MDD)

Lueckeh et al.
2004#*

8.7 (13) 14.4 (47) (Cancer)

Yehuda et al.
2004a,b

#No means reported in the text; data estimated from the figures provided. *Significantly
lower in PTSD than normal comparison. **Significantly higher in PTSD than normal
comparison. MDD, major depressive disorder.
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2.5
Correlates of Cortisol in PTSD

Even in cases where there is failure to find group differences, there are often
correlations within the PTSD group with indices of PTSD symptom severity.
Baker et al. (1999) failed to find group differences between Vietnam veter-
ans with PTSD compared to non-exposed controls, but did report a negative
correlation between 24-h urinary cortisol and PTSD symptoms in combat
veterans. A negative correlation between baseline plasma cortisol levels and
PTSD symptoms, particularly avoidance and hyperarousal symptoms, were
observed in adolescents with PTSD (Goenjian et al. 2003). Rasmusson et al.
(2003) failed to observe a significant difference in urinary cortisol between
premenopausal women with PTSD and healthy women, but noted an inverse
correlationbetweendurationsince the traumaandcortisol levels, implying that
low cortisol is associated with early traumatization. This finding is consisted
with Yehuda and colleagues’ observation of an inverse relationship between
childhood emotional abuse and cortisol levels in adult children of Holocaust
survivors (Yehuda et al. 2002a).

Cortisol levels have also been correlated with findings from brain imag-
ing studies in PTSD. In one report, there was a positive relationship between
cortisol levels and hippocampal acetylaspartate (NAA)—a marker of cell at-
rophy presumed to reflect changes in neuronal density or metabolism—in
subjects with PTSD, suggesting that rather than having neurotoxic effects,
cortisol levels in PTSD may have a trophic effect on the hippocampus (Ney-
lan et al. 2003a). Similarly, cortisol levels in PTSD were negatively corre-
lated with medial temporal lob perfusion, while anterior cingulate perfu-
sion and cortisol levels were positively correlated in PTSD, but negatively
correlated in trauma survivors without PTSD (Bonne et al. 2003b). The au-
thors suggest that the negative correlation may result from an augmented
negative hippocampal effect secondary to increased sensitivity of brain glu-
cocorticoid receptors (GRs), which would account for the inverse correla-
tion in PTSD despite equal cortisol levels in both the PTSD and non-PTSD
groups. On the other hand, the positive correlation between regional cerebral
blood flow in the fronto-cingulate transitional cortex and cortisol levels in
PTSD may reflect unsuccessful attempts of the fronto-cingulate transitional
cortex to terminate the stress response, which has also been linked to low
cortisol.

Cortisol may be related to specific, or state-dependent features of the disor-
der, suchas comorbiddepressionor the timecourseof thedisorder.Masonet al.
(2001) have underscored the importance of examining intrapsychic correlates
of individual differences in cortisol levels in PTSD, and have hypothesized that
cortisol levels in PTSD may be related to different levels of emotional arousal,
and opposing antiarousal disengagement defense mechanisms or other cop-
ing styles. Further, Wang et al. have posited that adrenal activity may change
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over time in a predicted manner reflecting stages of decompensation in PTSD
(Wang et al. 1996).

2.6
CRF Levels in PTSD

There have been three published reports examining the concentration of
corticotrophin-releasing factor (CRF) in cerebrospinal fluid (CSF) in PTSD.
The assessment of CSF CRF does not necessarily provide a good estimate of
hypothalamic CRF release, but rather, an estimate of both hypothalamic and
extrahypothalamic release of this neuropeptide (Yehuda and Nemeroff 1994).
An initial report using a single lumbar puncture indicated that CRF levels
were elevated in combat veterans with PTSD (Bremner et al. 1997). A second
study, examining serial CSF sampling over a 6-h period by means of an in-
dwelling catheter, also reported significantly higher CSF CRF concentrations,
but did not observe a relationship between CRF and 24-h urinary cortisol re-
lease (Baker et al. 1999). A third report demonstrated that PTSD subjects with
psychotic symptoms had significantly higher mean levels of CRF than either
subjects with PTSD without psychotic symptoms or controls subjects (Sautter
et al. 2003).

2.7
ACTH Levels in PTSD

Among the challenges in assessing pituitary activity under basal conditions
is the fact that the normal positive and negative feedback influences on the
pituitary can mask the true activity of this gland. Because the pituitary me-
diates between CRF stimulation from the hypothalamus and the inhibition
of ACTH release resulting from the negative feedback of adrenal corticos-
teroids, baseline ACTH levels may appear to be “normal” even though the pi-
tuitary gland may be receiving excessive stimulation from CRF. In most studies
ACTH levels in PTSD patients were reported to be comparable to non-exposed
subjects.

Themajorityof studieshas reportednodetectibledifferences inACTHlevels
between PTSD and comparison subjects even when cortisol levels obtained
from the same sample were found to be significantly lower. This pattern was
observed in Kellner et al. who reported that cortisol levels were 41% lower,
but that ACTH levels were only 7.4% lower in PTSD compared to normals
(Kellner et al. 2000), and Hockings et al. who showed that cortisol levels
were 12% lower in PTSD but ACTH levels identical to controls (Hockings et al.
1993). Kanter et al. also reported that cortisol levels were substantially lower
in PTSD, while ACTH levels were comparable to controls (Kanter et al. 2001).
In Yehuda et al. cortisol levels were lower at baseline on the placebo day in
PTSD, but not at the baseline time point on the metyrapone day (i.e., prior
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to metyrapone administration) compared to comparison subjects, but ACTH
levels were comparable in both groups on both days (Yehuda et al. 1996a).
Similar data were reported by Neylan et al. (2003a).

Lower cortisol levels in the face of normal ACTH levels can reflect a rel-
atively decreased adrenal output. Yet under circumstances of classic adrenal
insufficiency, there is usually increased ACTH release compared to normal
levels. Thus, in PTSD there may be an additional component of feedback
on the pituitary that is acting to depress ACTH levels, making them ap-
pear normal. Indeed, elevations in ACTH would be expected not only from
a reduced adrenal output but also from increased CRF stimulation (Baker
et al. 1999; Bremner et al. 1997). On the other hand, the adrenal output
in PTSD may be relatively decreased, but not substantially enough to af-
fect ACTH levels. In any event, the “normal” ACTH levels in PTSD in the
context of the other findings suggest a more complex model of the reg-
ulatory influences on the pituitary in this disorder than reduced adrenal
insufficiency.

In contrast to the above-mentioned findings, Hoffman et al. reported that
cortisol levels were 22.5% higher in PTSD, but ACTH was only 4% lower
compared to controls (Hoffman et al. 1989). In this report, mean plasma β-
endorphin (co-localized and released with ACTH) was reported as lower in
PTSD. Liberzon et al. also reported mean cortisol levels to be 33% higher,
but ACTH 31% lower in PTSD compared to controls (Liberzon et al. 1999).
Smith et al. also reported cortisol levels were 48% higher and ACTH 32%
lower in PTSD than controls, but this was in the afternoon (Smith et al. 1989).
Although ACTH levels were not significantly different in PTSD compared to
controls, the increase in cortisol relative to ACTH is reminiscent of classic
models of HPA dysregulation in depression where there is hypercortisolism
but a reduced ACTH negative feedback inhibition. Rasmusson et al. (2001)
demonstrated a 13% increase in cortisol with no differences in ACTH in PTSD
at 8:00 p.m., which is consistent with the idea of an overall, but somewhat mild,
HPA hyperactivity.

2.8
Corticosteroid Binding Globulin

Kanter et al. reported an increase concentration of the corticosteroid bind-
ing globulin (CBG) (Kanter et al. 2001). Most cortisol is bound to CBG, and
is biologically inactive. A greater concentration of CBG is consistent with
low levels of measurable free cortisol, and provides a putative explanation
for how cortisol levels could be measurably low even though other aspects
of HPA axis functioning do not seem hypoactive. However, the extent to
which CBG levels are a contributing cause of low cortisol requires further
examination.
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3
Glucocorticoid Receptors in PTSD

Type II GRs are expressed in ACTH- and CRF-producing neurons of the pitu-
itary, hypothalamus, and hippocampus, and mediate most systemic glucocor-
ticoid effects, particularly those related to stress responsiveness (deKloet et al.
1991). Low circulating levels of a hormone or neurotransmitter can result in
increased numbers of available receptors (Sapolsky et al. 1984) that improve
response capacity and facilitate homeostasis. However, alterations in the num-
ber and sensitivity of both type I (mineralocorticoid) and type II GRs can
also significantly influence HPA axis activity, and in particular, can regulate
hormone levels by mediating the strength of negative feedback (Svec 1985;
Holsboer et al. 2000).

Lymphocyte and brain GRs have been found to share similar regulatory
and binding characteristics (Lowy 1989). A greater number of 8:00 a.m., but
not 4:00 p.m., mononuclear leukocytes (presumably lymphocyte) type II GRs
was reported in Vietnam veterans with PTSD compared to a normal com-
parison group (Yehuda et al. 1991b). Subsequently, Yehuda et al. reported an
inverse relationship between 24-h urinary cortisol excretion and lymphocyte
GR number in PTSD and depression (i.e., low cortisol and increased receptor
levels were observed in PTSD, whereas in major depressive disorder, elevated
cortisol and reduced receptor number were observed) (Yehuda et al. 1993a).
Although it is not clear whether alterations in GR number reflect an adap-
tation to low cortisol levels or some other alteration, the observation of an
increased number of lymphocyte GRs provided the basis for the hypothesis of
an increased negative feedback inhibition of cortisol secondary to increased
receptor sensitivity (Yehuda et al. 1995a).

Following the administration of a 0.25-mg dose of DEX, it was possible to
observe that the cortisol response was accompanied by a concurrent decline
in the number of cytosolic lymphocyte receptors (Yehuda et al. 1995a). This
finding contrasted with the observation of a reduced decline in the number of
cytosolic lymphocyte receptors in major depression, implying that the reduced
cortisol levels following DEX administration may reflect an enhanced negative
feedback inhibition in PTSD (Gormley et al. 1985).

Observations regarding the cellular immune response in PTSD are also
consistent with enhanced GR responsiveness in the periphery. In one study,
beclomethasone-induced vasoconstriction was increased in women PTSD sub-
jects compared to healthy, non-trauma-exposed comparison subjects (Coup-
land et al. 2003). Similarly, an enhanced delayed-type hypersensitivity of skin
test responses was observed in women who survived childhood sexual abuse
vs those who did not (Altemus et al. 2003). Because immune responses, like
endocrine ones, can be multiply regulated, these studies provide only indirect
evidence of GR responsiveness. However, when considered in the context of
the observation that PTSD patients showed increased expression of the re-
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ceptors in all lymphocyte subpopulations, despite a relatively low quantity of
intracellular GR as determined by flow cytometry, and in the face of lower am-
bient cortisol levels (Gotovac et al. 2003), the findings convincingly support an
enhanced sensitivity of the GR to glucocorticoids. Furthermore, Kellner et al.
reported an absence of alterations of the mineralocorticoid receptor in PTSD as
investigated by examining the cortisol and ACTH response to spironolactone
following CRF stimulation (Kellner et al. 2002a).

Finally, a recent study provided the first demonstration of an alteration in
target tissue sensitivity inglucocorticoidsusingan invitroparadigm.Mononu-
clear leukocytes isolated from the blood of 26 men with PTSD and 18 men with-
out PTSD were incubated with a series of concentrations of DEX to determine
the rate of inhibition of lysozyme activity; a portion of cells was frozen for the
determination of GRs. Subjects with PTSD showed evidence of a greater sen-
sitivity to glucocorticoids as reflected by a significantly lower mean lysozyme
IC50-DEX (nM). The lysozyme IC50-DEX was significantly correlated with age at
exposure to the first traumatic event in subjects with PTSD. The number of
cytosolic GRs was correlated with age at exposure to the focal traumatic event
(Yehuda et al., in press).

4
Cortisol and ACTH Responses to Neuroendocrine Challenge

4.1
The Dexamethasone Suppression Test in PTSD

In contrast to observations regarding ambient cortisol and ACTH levels, re-
sults using the DEX suppression test (DST) have presented a more consistent
view of reduced cortisol suppression in response to DEX administration. The
DST provides a direct test of the effects of GR activation in the pituitary on
ACTH secretion, and cortisol levels following DEX administration are thus in-
terpreted an estimate of the strength of negative feedback inhibition, provided
that the adrenal response to ACTH is not altered. There are several hundred
published studies reporting on the use of the DST in depression, all reporting
that approximately 40%–60% of patients with major depression demonstrate
a failure to suppress cortisol levels below 5.0 µg/100 dl in response to 1.0 mg of
DEX (Ribeiro et al. 1993). Nonsuppression of cortisol results from a reduced
ability of DEX to exert negative feedback inhibition on the release of CRF and
ACTH (Holsboer 2000).

The initial DST studies in PTSD using the 1.0-mg dose of DEX did not
consider the possibility of a hypersuppression to DEX and tested the hypothesis
that patients with PTSD might show a nonsuppression of cortisol similar
to patients with major depressive disorder. A large proportion of the PTSD
subjects studied also met criteria for major depression. Four (Dinan et al.
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1990; Halbreich et al. 1989; Kosten et al. 1990; Reist et al. 1995) out of five
(Kudler et al. 1987) of the earlier studies noted that PTSD did not appear to
be associated with cortisol nonsuppression, using the established criterion
of 5 µg/100 ml at 4:00 p.m. A more recent study did not use the established
criterion to determine nonsuppression, but nonetheless reported a greater
mean cortisol in PTSD compared to normal subjects at 8:00 a.m. (Thaller
et al. 1999). In this study, Thaller et al. reported that DEX resulted in 67%
suppression in PTSD (n=34) compared to 85% suppression in comparison
(n=17) subjects. Similarly, Atmaca et al. showed a significantly higher DST
nonsuppression in the PTSD group (63.12%) compared to healthy controls
(79.6%) using the 1.0 mg DST (Atmaca et al. 2002).

Although the 1.0-mg DST studies primarily focused on evaluating failure
of normal negative feedback inhibition, Halbreich et al. noted that post-DEX
cortisol levels in the PTSD group were particularly lower than subjects with de-
pression and even comparison subjects (Halbreich et al. 1987). The mean post-
DEX cortisol levels were 0.96±0.63 µg/dl in PTSD compared to 3.72±3.97 µg/dl
in depression and 1.37± µg/dl in comparison subjects, raising the possibility
that the 1-mg dose produced a “floor effect” in the PTSD group. Based on this
observation, and on findings of low cortisol and increased GR number, Yehuda
et al. hypothesized that PTSD patients would show an enhanced, rather than
reduced, cortisol suppression to DEX and administered lower doses of DEX—
0.50 mg and 0.25 mg—to examine this possibility (Yehuda et al. 1993a, 1995a).
A hyperresponsiveness to low doses of DEX, as reflected by significantly lower
post-DEX cortisol levels, was observed in PTSD patients compared to non-
exposed subjects. The enhanced suppression of cortisol was present in combat
veterans with PTSD who met the diagnostic criteria for major depressive dis-
order (Yehuda et al. 1993a) and was not present in combat veterans without
PTSD (Yehuda et al. 1995a).

The finding of an exaggerated suppression of cortisol in response to DEX
was also observed by Stein et al. who studied adult survivors of childhood
sexual abuse (Stein et al. 1997), and by Kellner et al. who evaluated Gulf War
soldiers who were still in active duty about a year an a half after their deploy-
ment to the Persian Gulf (Kellner et al. 1997). More recently, an exaggerated
suppression following 0.50 mg DEX was also observed in older subjects with
PTSD (i.e., Holocaust survivors and combat veterans) compared to appropriate
comparison subjects (Yehuda et al. in 2002b) in a sample of depressed women
with PTSD resulting from early childhood abuse (Newport et al. 2004), and
a mixed group of trauma survivors with PTSD (Yehuda et al. 2004b; Table 3).

Results from these studies are expressed as the extent of cortisol suppres-
sion, evaluated by the quotient of 8:00 a.m. post-DEX cortisol to 8:00 a.m.
baseline cortisol. Expressing the data in this manner accounts for individual
differences in baseline cortisol levels and allows for a more precise character-
ization of the strength of negative feedback inhibition as a continuous rather
than as a dichotomous variable. Whereas studies of major depression empha-
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size the 4:00 p.m. post-DEX value as relevant to the question of nonsuppression
(Stokes et al. 1984), studies of PTSD have been concerned with the degree to
which DEX suppresses negative feedback at the level of the pituitary, rather
than the question of “early escape” from the effects of DEX. Goeinjian et al.
observed an enhanced suppression of salivary cortisol at 4:00 p.m. follow-
ing 0.50 mg of DEX in adolescents who had been closer to the epicenter of
an earthquake 5 years earlier (and had more substantial PTSD symptoms)
compared to those who had been further from the epicenter (Goeinjian et al.
1996). However, the percentage suppression of cortisol in these two groups
was comparable at 8:00 a.m. The authors concluded that the suppression of
cortisol to DEX may last longer in PTSD. Unfortunately, the authors were not
able to study a non-exposed comparison group. Similarly, Lipschitz et al. failed
to observe cortisol hypersuppression at 8:00 a.m. in adolescents with PTSD
exposed to multiple traumatic events (Lipschitz et al. 2004). Unfortunately, the
authors were not able to obtain data at the 4:00 p.m. time point.

There is some debate about whether DST hypersuppression reflects trauma
exposure in psychiatric patients or PTSD per se. Using the combined DEX/CRF
challenge in women with borderline personality disorder with and without
PTSD relating to sustained childhood abuse, Rinne et al. (2002) demonstrated
that chronically abused patients with borderline personality disorder had a sig-
nificantly enhanced ACTH and cortisol response to the DEX/CRF challenge

Table 3 Summary of data from studies of using the dexamethasone suppression test

Reference Dex dose/day PTSD: % supp (n) Comparison: % supp (n)

Yehuda et al. 1993b* 0.5 87.5 (21) 68.3 (12)

Stein et al. 1997* 0.5 89.1 (13) 80.0 (21)

Yehuda et al. 1995a* 0.5 90.0 (14) 73.4 (14)

Yehuda et al. 1995* 0.25 54.4 (14) 36.7 (14)

Kellner et al. 1997*** 0.50 90.1 (7)

Yehuda et al. 2002b* 0.50 89.9 (17)# 77.9 (23)

Grossman et al. 2003*a 0.50 83.6 (16) 63.0 (36)

Newport et al. 2004*b 0.50 92.3 (16*) 77.78 (19)

Yehuda et al. 2004b* 0.50 82.5 (19) 68.9 (10)

#Includes subjects without depression; subjects with both PTSD and MDD (n=17) showed
a percentage suppression of 78.8, which differs from our previous report (Yehuda et al.
1993b) in younger combat veterans. *Significantly more suppressed than controls. **Sig-
nificantly less suppressed than controls. ***No control group was studied. aComparison
subjects were those with personality disorders but without PTSD. bIt is impossible from
this paper to get the correct mean for the actual 15 subjects with PTSD. These 16 subjects
had MDD, but 15/16 also had PTSD, so this group also contains 1 subject who had been
exposed to early abuse with past, but not current, PTSD.
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compared with nonabused subjects, suggested a hyperresponsiveness of the
HPA axis. The authors attribute the finding to trauma exposure. On the other
hand, Grossman et al. (2003) examined the cortisol response to 0.50 mg DEX
in a sample of personality disordered subjects and found that cortisol hyper-
suppression was related to the comorbid presence of PTSD, but not trauma
exposure.

In the study by Newport and colleagues (2004), the authors attempted to
determine whether cortisol hypersuppression was related to early abuse in
PTSD and major depression. However, insofar as all the exposed subjects with
current depression had PTSD (all except one), it was difficult to attribute the
observed hypersuppression to PTSD or depression. Recently, however, Yehuda
et al. observed cortisol hypersuppression following 0.50 mg DST in PTSD, and
subjects with both PTSD and depression, but noted that hypersuppression was
particularly prominent in persons with depression comorbidity if there had
beenaprior traumatic experience.Thus, cortisol hypersuppression in response
to DEX appears to be associated with PTSD, but in subjects with depression,
hypersuppression may be present as a result of early trauma, and possibly past
PTSD (Yehuda et al. 2004b).

4.2
The Cholecystokinin Tetrapeptide Challenge Test in PTSD

Cholecystokinin tetrapeptide (CCK)-4 is a potent stimulator of ACTH. Kellner
et al. administered a 50-µg bolus of CCK-4 to subjects with PTSD and found
substantially attenuated elevations of ACTH in PTSD, which occurred despite
comparable ACTH levels at baseline (Kellner et al. 2000). Cortisol levels were
lower in PTSD at baseline, but rose to a comparable level in PTSD and control
subjects. However, the rate of decline from the peak was faster, leading to an
overall lower total cortisol surge. The attenuated ACTH response to CCK-4 is
compatible with the idea of CRF overdrive in PTSD, and is a similar to the
administration of CRF. That less ACTH can produce a similar activation of the
adrenal gland, but a more rapid decline of cortisol is also consistent with a more
sensitive negative feedback inhibition secondary to increased glucocorticoid
receptor activity at the pituitary. Although the comparatively greater effects on
cortisol relative to ACTH is also compatible with an increased sensitivity of the
adrenal gland to ACTH, rather than an enhanced negative feedback sensitivity
on the pituitary, this explanation only accounts for the greater rise cortisol, but
not the more rapid rate of decline of cortisol, following CCK-4.

4.3
The Metyrapone Stimulation Test

Whereas both the results of the DST and CCK challenge tests are consistent
with the idea of an enhanced negative feedback inhibition in PTSD, these alter-
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ations do not directly imply that an enhanced negative feedback inhibition is
a primary disturbance in PTSD. Yehuda et al. used the metyrapone stimulation
test as a way of providing further support for the enhanced negative feedback
hypothesis (Yehuda et al. 1996a). Metyrapone prevents adrenal steroidogenesis
by blocking the conversion of 11-deoxycortisol to cortisol, thereby unmask-
ing the pituitary gland from the influences of negative feedback inhibition. If
a sufficiently high dose of metyrapone is used such that an almost complete
suppression of cortisol is achieved, this allows a direct examination of pitu-
itary release of ACTH without the potentially confounding effects of differing
ambient cortisol levels. When metyrapone is administered in the morning—
when HPA axis activity is relatively high—maximal pituitary activity can be
achieved, facilitating an evaluation of group differences in pituitary capability.
The administration of 2.5 mg metyrapone in the morning resulted in a similar
and almost complete reduction in cortisol levels in both PTSD and normal
subjects (i.e., and removal of negative feedback inhibition), but a higher in-
crease in ACTH and 11-deoxycortisol in combat Vietnam veterans with PTSD
compared to non-exposed subjects (Yehuda et al. 1996a). In the context of low
cortisol levels and increased CSF CRF levels, the findings supported the hy-
pothesis of a stronger negative feedback inhibition in PTSD. Both pituitary and
adrenal insufficiency would not likely result in an increased ACTH response to
removal of negative feedback inhibition, since the former would be associated
with an attenuated ACTH response and reduced adrenal output would not nec-
essarily affect the ACTH response. To the extent that ambient cortisol levels are
lower than normal, an increased ACTH response following removal of negative
feedback inhibition implies that when negative feedback is intact, it is strong
enough to inhibit ACTH and cortisol. The increased ACTH response is most
easily explained by increased suprapituitary activation; however, a sufficiently
strong negative feedback inhibition would account for the augmented ACTH
response even in the absence of hypothalamic CRF hypersecretion.

Kanter et al. failed to find evidence for an exaggerated negative feedback
inhibition using a different type of metyrapone stimulation paradigm (Kanter
et al. 2002). In this study, a lower dose of metyrapone was used, adminis-
tered over a 3-h period (750 mg at 7:00 a.m. and 10:00 a.m.), and rather than
simply examining the ACTH response to this manipulation, the cortisol lev-
els were introduced by means of an infusion, allowing the effects of negative
feedback inhibition to be evaluated more systematically. Under conditions of
enhanced negative feedback inhibition, the introduction of cortisol following
metyrapone administration should result in a greater suppression of ACTH in
PTSD. However, no significant differences in the ACTH response to cortisol
infusion between PTSD and comparison subjects (but a non-significant trend,
p=.10, for such a reduction) were observed. There was, however, a reduced
response of 11-b-deoxycortisol. The authors concluded that their findings pro-
vided evidence of sub-clinical adrenocortical insufficiency.
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In evaluating this finding, it must be noted, as the authors do, that at
the dose used, metyrapone did not accomplish a complete suppression of
cortisol in this study. Furthermore, the manipulation produced a more robust
suppression of cortisol in comparison subjects, suggesting that the control
group was significantly more perturbed by the same does of metyrapone prior
to the cortisol infusion than the PTSD group. The authors suggest that the
lack of decline in ACTH following cortisol infusion in the PTSD group argues
against an enhanced negative feedback inhibition. However, insofar as the drug
produceda significantly greaterdecrease incortisol in the comparisonsubjects,
while not producing a significant difference in ACTH concentrations, it might
be that the lack of an ACTH reduction in PTSD following cortisol infusion
may have been caused by a floor effect, rather than a demonstration of lack of
reactivity of the system. Indeed, because metyrapone at the dose used did not
fully suppress cortisol, the endogenous cortisol present may have already been
high enough to suppress ACTH secretion in the PTSD group. Interestingly,
although metyrapone did not result in as great a decline of cortisol in PTSD, it
did result in the same level of cortisol inhibition, implying differences in the
activity of the enzyme 11-β-hydroxylase, which merits further investigation.

To the extent that there was a significant reduction of the 11-deoxycortisol
response in PTSD in the absence of an attenuated ACTH response, this would
indeed support the idea of a reduced adrenal output. However, the trend
for an ACTH response suggests that part of the failure to achieve statistical
significance may have also occurred because of limited power, particularly
given the lack of evidence for increased ambient ACTH levels in PTSD relative
to normal controls. Dose–response studies using the higher vs lower dose of
metyrapone should certainly be conducted to further address this critical issue.

A third study used metyrapone to evaluate CRF effects on sleep, but in the
process also provided information relevant to negative feedback inhibition.
Metyrapone (750 mg) was administered at 8:00 a.m. every 4 h for 16 h, and
cortisol, 11-deoxycortisol and ACTH levels were measured at 8:00 a.m. the
followingmorning.Cortisol, 11-deoxycortisol, andACTHlevelswere increased
in the PTSD group relative to the controls, suggesting that the same dose of
metyrapone did not produce the same degree of adrenal suppression of cortisol
synthesis. Under these conditions, it is difficult to evaluate the true effect on
ACTH and 11-deoxycortisol, which depends on achieving complete cortisol
suppression, or at least the same degree of cortisol suppression in the two
groups. The endocrine response to metyrapone in this study does not support
the model of reduced adrenal capacity, since this would have been expected
to yield a large ratio of ACTH to cortisol release; yet the mean ACTH/cortisol
ratio prior to metyrapone was no different in PTSD vs controls. On the other
hand, the mean ACTH/cortisol ratio post-metyrapone was lower, though non-
significantly, suggesting, if anything, an exaggerated negative feedback rather
than reduced adrenal capacity (Neylan et al. 2003a).



Neuroendocrine Aspects of PTSD 389

The idea of reduced adrenal capacity as a possible model for PTSD has also
been recently raised by Heim et al., who concluded that low cortisol may not
be a unique feature of PTSD, but may represent a more universal phenomenon
related to bodily disorders, having an etiology related to chronic stress (Heim
et al. 2000). There are numerous stress-related disorders such as chronic fatigue
syndrome, fibromyalgia, rheumatoid arthritis, chronic pain syndromes, and
other disorders that are characterized by hypocortisolism. In one study, Heim
et al. showed decreased cortisol responses to low-dose DEX, but failed to
observe blunted ACTH responses to CRF in women with chronic pelvic pain,
some of whom had PTSD, compared to women with infertility (Heim et al.
1998). Since the data were not analyzed on the basis of the subgroup with and
without trauma and/or PTSD, it is not possible to directly compare results of
that study to other reports examining PTSD directly.

4.4
The CRF Challenge Test and ACTH Stimulation Test in PTSD

Infusion of exogenous CRF increases ACTH levels and provides a test of pi-
tuitary sensitivity. In several studies of major depression, the ACTH response
to CRF was shown to be “blunted,” reflecting a reduced sensitivity of the pi-
tuitary to CRF (e.g., Krishnan 1993). This finding has been widely interpreted
as reflecting a downregulation of pituitary CRF receptors secondary to CRF
hypersecretion, but may also reflect increased cortisol inhibition of ACTH
secondary to hypercortisolism (Krishnan 1993; Yehuda and Nemeroff 1994).

A studyof eightPTSDsubjectsdemonstrated that theACTHresponse toCRF
is also blunted (Smith et al. 1989). However, although the authors noted a uni-
form blunting of the ACTH response, this did not always occur in the context of
hypercortisolism. Furthermore, although the ACTH response was significantly
blunted, the cortisol response was not (however, though not statistically signif-
icant, it should be noted that the area under the curve for cortisol was 38% less
than controls). Bremner et al. also observed a blunted ACTH response to CRF
in women with PTSD as a result of early childhood sexual abuse (Bremner et al.
2003b). Yehuda et al. previously suggested that the blunted ACTH response in
PTSD might reflect an increased negative feedback inhibition of the pituitary
secondary to increased GR number or sensitivity (Yehuda et al. 1995a). This
explanation supports the idea of CRF hypersecretion in PTSD, and explains
the pituitary desensitization and resultant lack of hypercortisolism as arising
from a stronger negative feedback inhibition.

AbluntedACTHresponse toCRF in thecontextof anormal cortisol response
was also observed in sexually abused girls, but the diagnosis of PTSD was
not systematically made in this study (deBellis et al. 1994). When living in
the context of ongoing abuse, abused children with depression showed an
enhanced ACTH response to CRF in comparison with abused children without
depression and normals (Kauffman et al. 1997). Again, although such subjects
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were considered at greater risk for the development of PTSD, it is difficult to
draw direct conclusions from these studies about the neuroendocrinology of
PTSD because this variable was not directly measured.

In contrast, Rasmusson et al. (2001) recently reported an augmented ACTH
response to CRF in 12 women with PTSD compared to 11 healthy controls.
In the same subjects, the authors also performed a neuroendocrine chal-
lenge with 250 µg of cosyntropin (ACTHα1-24) to determine the response of
the pituitary gland to this maximally stimulating dose. Women with PTSD
demonstrated an exaggerated cortisol response to ACTH compared to healthy
subjects. Basal assessments did not reveal group differences in either 24-h
urinary cortisol levels, or basal plasma cortisol or ACTH levels. The authors
concluded that their findings suggested an increased reactivity of both the
pituitary and adrenal in PTSD.

What is particularly interesting about the finding of the increased ACTH in
response to CRF is that the magnitude of the ACTH response appeared to be
much higher than the cortisol response. The ACTH response was 87% greater
in the subjects with PTSD, but the cortisol response was only 35% higher.
Thus, although ACTH levels were more increased in PTSD than controls, this
increased ACTH level did not result in a comparable stimulation of cortisol,
suggesting a reduced adrenal capacity or an enhanced inhibition of cortisol.
On the other hand, Rasmusson and colleagues’ demonstration of an increased
cortisol response to cosyntropin in the same patients suggests the opposite.
The authors do not discuss the possibility that the results of the CRF test
suggest reduced adrenal capacity, nor do they suggest a model that accounts
for the co-existence of these two apparently disparate observations.

Attempting to resolve the two discrepant observations in the Rasmusson
et al. finding (2001) will by necessity require viewing HPA axis alterations
as reflecting a more complex set of processes than are currently described in
classical clinical endocrinology, and will be aided, no doubt, by the appearance
of currently unavailable information. However, the discrepancy may also result
from a methodologic artifact owing to the administration of the cosyntropin
at variable times during the day (ranging from 8:15 a.m. to 4:15 p.m.). It may
be that if the cortisol data were corrected for time of day of administration
of cosyntropin that the findings might no longer be significant, and it would
be important to rule this out. Indeed, to conclude that a greater reactivity of
the pituitary gland occurs in the context of a more reduced cortisol response
would be a simpler observation to contend with.

In fact, the observation of an increased ACTH response to CRF would be
compatible with a recent study by Heim et al. who examined such responses
in abused women with and without major depressive disorder compared with
nonabused depressed women and comparison subjects (Heim et al. 2000).
Abused women without depression showed an augmented ACTH response
to CRF, but a reduced cortisol response to ACTH compared to other groups.
Only a small proportion (4/20) met criteria for PTSD. Abused women with
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depression (14/15 with PTSD) showed a blunted ACTH response to CRF com-
pared to controls, as did nonabused women with depression. These findings
are compatible with those of Smith et al. (1989). Although the study by Heim
et al. (2000) did not focus directly on the issue of HPA alterations in PTSD,
the model presented by the authors is extremely informative in suggesting the
possibility that early abuse may be associated in and of itself with a profile
of pituitary-adrenocortical alterations (particularly, low ambient cortisol as
a function of a diminished adrenal responsiveness) that are opposite to those
seen in depression. However, when depression is present, these alterations
may be “overridden” by the results of depression-related CRF hypersecretion.
Early trauma exposure is a risk factor not only for depression, but also for
PTSD in the absence or presence of depression. It is possible that low cortisol
levels resulting from this risk factor may also be influenced by PTSD-related
alterations (i.e., increased GR responsiveness and increased responsiveness of
negative feedback inhibition).

4.5
The Naloxone Stimulation Test in PTSD

Another strategy for examining CRF activity involves the assessment of ACTH
and cortisol after administration of agents that normally block the inhibition
of CRF. Naloxone increases CRF release by blocking the inhibition normally
exerted by opioids in the hypothalamus. Naloxone was administered to 13
PTSD patients and 7 normal comparison subjects (Hockings et al. 1993). Of
the PTSD subjects, 6/7 showed an increased ACTH and cortisol response to
naloxone. These findings appear to contradict those of Smith et al. (1989)
who showed a blunted ACTH response to CRF; however, here too the absence
of information about ambient CRF complicates the interpretation of these
findings. This finding is noteworthy for illustrating that only a proportion of
subjects in a particular group may exhibit evidence of pituitary adrenocortical
alterations.

5
Drawing Conclusions from Challenge Studies: Do They Provide a Window
into the Brain?

Although theneuroendocrine challengesdescribedabovedirectly assessACTH
and cortisol, hypothalamic CRF release may be inferred from some of the re-
sults. For example, because metyrapone administration results in the elimina-
tion of negative feedback inhibition, its administration allows an exploration
of suprapituitary release of ACTH, without the potentially confounding effects
of differing ambient cortisol levels. To the extent that metyrapone administra-
tion results in a substantially higher increase in ACTH and 11-deoxycortisol
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in PTSD compared to controls, it is possible to infer that the increase in ACTH
results occurs as a direct result of hypothalamic CRF stimulation.

Similarly, the CRF challenge test has also been used to estimate hypothala-
mic CRF activity, since a blunted ACTH response is suggestive of a downregu-
lation of pituitary receptors secondary to CRF hypersecretion. Using this logic,
an augmented ACTH response to CRF would reflect a decreased hypothalamic
CRF release, or at least an upregulation of pituitary CRF receptors. Rasmusson
et al. (2001) assert that the finding of an increased ACTH response to CRF is
analogous to the increased ACTH response to metyrapone obtained by Yehuda
et al. (1996a). Although this might not be the most likely explanation for the
finding, insofar as the subjects in Rasmusson et al. did not show increases
in either basal ACTH or cortisol levels, it is possible that the finding of an
augmented ACTH response to CRF does indeed reflect an enhanced negative
feedback on the pituitary, particularly in view of the relatively weaker effect of
CRF on cortisol relative to ACTH. However, the model of enhanced negative
feedback inhibition would not explain the increased cortisol response to ACTH
observed in the same patients.

6
Putative Models of HPA Axis Alterations in PTSD

Cortisol levels are most often found to be lower than normal in PTSD, but can
also be similar to or greater than those in comparison subjects. Findings of
changes in circadian rhythm suggest that there may be regulatory influences
that result in a greater dynamic range of cortisol release over the diurnal cycle
in PTSD. Together, these findings imply that although cortisol levels may be
generally lower, the adrenal gland is certainly capable of producing adequate
amounts of cortisol in response to challenge.

The model of enhanced negative feedback inhibition is compatible with
the idea that there may be transient elevations in cortisol, but would suggest
that when present, these increases would be shorter-lived due to a more ef-
ficient containment of ACTH release as a result of enhanced GR activation.
This model posits that chronic or transient elevations in CRF release stimulate
the pituitary release of ACTH, which in turn stimulates the adrenal release of
cortisol. However, an increased negative feedback inhibition would result in
reduced cortisol levels under ambient conditions. In contrast to other models
of endocrinopathy, which identify specific and usually singular primary alter-
ations in endocrine organs and/or regulation, the model of enhanced negative
feedback inhibition in PTSD is in large part descriptive. The model currently
offers little explanation for why some individuals show such alterations of the
HPA axis following exposure to traumatic experiences while others do not, but
it represents an important development in the field of neuroendocrinology of
PTSD by accounting for a substantial proportion of the findings observed.
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On the other hand, the model of reduced adrenal output accounts for why
ambient cortisol levels would be lower than normal, and even for the relatively
smaller magnitude of differences in ACTH relative to cortisol, but does not
account for why basal ACTH levels are not significantly higher in PTSD than in
comparison subjects, particularly in light of evidence of CRF hypersecretion.
One of the challenge in elucidating a neuroendocrinology of PTSD is in being
able to resolve the apparent paradox that cortisol levels are low when CRF
levels appear to be elevated, as well as to accommodate a dynamic process in
that accounts for observed diurnal fluctuations and potential responsivity to
environmental cues. Heim et al. (2001) have again argued that in response to
early trauma, CRF hypersecretion may result in a downregulation of pituitary
CRF receptors leading to a decreased ACTH response. However, it is not quite
clear according to this why in such cases CRF hypersecretion would lead
to pituitary desensitization and low cortisol as opposed to the more classic
model of HPA dysfunction articulated for major depressive disorder in which
the effect of hypothalamic CRF release on the pituitary would ultimately result
in hypercortisolism.

Findings of increased CRF levels in PTSD are important to the theory of
enhanced negative feedback inhibition in PTSD, but are not necessarily rel-
evant to theories of adrenal insufficiency. That is, to the extent that there
are increases in CRF, these would not necessarily occur as a direct response
to reduced adrenal output, but might have a different origin. Under con-
ditions of reduced adrenal output, it is possible, as implied by Heim et al.
(2000), that compensatory changes in hypothalamic CRF might occur to the
extent that there is a weaker negative feedback inhibition because of decreased
cortisol output. But if this were occurring, it would be difficult to find an
explanation for why the ACTH response to CRF (Heim et al. 2001) and psy-
chologic stressors (Heim et al. 2000) were augmented in relation to early
traumatization.

Findings of the cortisol response to DEX are compatible with both the
enhanced negative feedback inhibition model and adrenal insufficiency. How-
ever, in the latter case, one would not expect that a reduced cortisol level to
result from, or even be accompanied by, changes in the GR, but rather, would
reflect reduced adrenal output rather than an enhanced containment of ACTH.

Findings of a blunted ACTH response to CRF are compatible with the en-
hanced negative feedback model, but not the adrenal insufficiency hypothesis.
Adrenal insufficiency would not be expected to result in a blunted ACTH re-
sponse to CRF. On the contrary, primary adrenal insufficiency is characterized
by increased ACTH at baseline and in response to CRF. Findings demonstrating
an augmented ACTH to metyrapone are also consistent with enhanced nega-
tive feedback inhibition, but not adrenal insufficiency. Adrenal insufficiency is
also incompatible with findings showing a greater activation of cortisol in the
context of reduced ACTH responses to pituitary challenges.
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Table 4 summarizes these HPA findings in PTSD and the explanations com-
patible with these findings. This table demonstrates that the model of enhanced
negative feedback is compatible with 15/21 observations of HPA alterations in
PTSD, whereas reduced adrenal capacity is consistent with 9/21 observations.

6.1
Findings of Cortisol in the Acute Aftermath of Trauma

Recentdatahaveprovided somesupport for the idea that lowcortisol levelsmay
be an early predictor of PTSD rather than a consequence of this condition. Low
cortisol levels in the immediate aftermath of a motor vehicle accident predicted
the development of PTSD in a group of 35 accident victims consecutively
presenting to an emergency room (Yehuda et al. 1998). Delahanty et al. (2000)
also reported that low cortisol levels in the immediate aftermath of a trauma
contributed to the prediction of PTSD symptoms at 1 month. In a sample
of 115 people who survived a natural disaster, cortisol levels were similarly
found to be lowest in those with highest PTSD scores at 1 month post-trauma,
however cortisol levels were not predictive of symptoms at 1 year (Anisman
et al. 2001). Similarly, lower morning, but higher evening cortisol levels were
observed in 15 subjects with high levels of PTSD symptoms 5 days following
a mine accident in Lebanon compared to 16 subjects with lower levels of PTSD
symptoms (Aardal-Eriksson et al. 2001).

In a study examining the cortisol response in the acute aftermath of rape,
low cortisol levels were associated with prior rape or assault, themselves risk
factors for PTSD (Resnick et al. 1995), but not with the development of PTSD
per se. Apost hoc analysis of the data reported in (Yehuda et al. 1998) confirmed
the observation that low cortisol levels were also associated with prior trauma
exposure in this group as well (A.C. McFarlane et al., personal communication).

These findings imply that cortisol levels might have been lower in trauma
survivors who subsequently develop PTSD even before their exposure to
trauma, and might therefore represent a pre-existing risk factor. Consistent
with this, low 24-h urinary cortisol levels in adult children of Holocaust sur-
vivors were specifically associated with the risk factor of parental PTSD. These
studies raise the possibility that low cortisol levels represent an index of risk,
and may actually contribute to the secondary biologic alterations that ul-
timately lead to the development of PTSD. Interestingly, the risk factor of
parental PTSD in offspring of Holocaust survivors was also associated with an
increased incidence of traumatic childhood antecedents (Yehuda et al. 2001).
In this study, both the presence of subject-rated parental PTSD and scores
reflecting childhood emotional abuse were associated with low cortisol lev-
els in offspring. Thus, it may be that low cortisol levels occur in those who
have experienced an adverse event early in life, and then remain different
from those not exposed to early adversity. Although there might reasonably
be HPA axis fluctuations in the aftermath of stress, and even differences in
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Table 4 Summary of data from studies supporting enhanced negative feedback or reduced
adrenal output in PTSD

Finding in PTSD Enhanced Reduced

negative adrenal

feedback output

Lower ambient cortisol levels Yes Yes

Normal or variable cortisol levels Yes No

Higher cortisol levels Yesa No

Increased circadian rhythm of cortisol Yes No

Decreased circadian rhythm of cortisol No Yes

Normal ACTH levels Yes No

Low β-endorphin levels Yesb No

Increased CRF levels in CSF Yes Yes

Increased glucocorticoid receptor sensitivity/number Yes Noc

Normal cortisol levels to 1 mg DEX Yes Yes

Decreased cortisol levels following 0.5 DEX Yes Yes

Increased cortisol levels following 1 mg DEX No No

Decreased number of cytosolic glucocorticoid receptors
following DEX compared to baseline receptors

Yes Nod

Increased ACTH levels to high dose metyrapone Yes No

Decreased ACTH levels to low dose metyrapone Noe Yes

Decreased ACTH levels following CRF Yes No

Increased ACTH levels following CRF No Yes

Increased cortisol responses to ACTH No No

Decreased ACTH levels following CCK-4 Yes No

Increased ACTH levels following naloxone No Yes

Increased ACTH levels following stress Yes Yes

*Also observed in samples of subjects with early abuse, depression, or somatic illnesses
with or without comorbid PTSD. aHigher cortisol levels are only consistent with enhanced
negative feedback to the extent that they represent transient elevations. bTo the extent that
β-endorphin is co-released with ACTH and reflects ACTH, this finding is compatible. What
is problematic is the lack of relationship in this paper between ACTH and β-endorphin,
which raises methodologic questions. cThis conclusion is based on empirical findings from
studies of endocrinologic disorders that have generally failed to observe accommodation
in glucocorticoid receptors in response to either very high or very low cortisol levels
(reviewed in Yehuda 2002). It is theoretically possible, however, that low levels of ambient
cortisol would result in an "upregulation" of glucocorticoid receptors. dBased on c. eSee
extensive discussion on this paper in text.

the magnitude of such responses compared to those not exposed to trauma
early in life, HPA parameters would subsequently recover to their pre-stress
baseline.
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Low cortisol levels may impede the process of biologic recovery from stress,
resulting in a cascade of alterations that lead to intrusive recollections of the
event, avoidance of reminders of the event, and symptoms of hyperarousal.
This failure may represent an alternative trajectory to the normal process of
adaptation and recovery after a traumatic event.

Additionally, it is possible that, within the time frame between several hours
or days following a trauma and the development of PTSD at 1 month, there is
an active process of adaptation and an attempt at achieving homeostasis, and
that PTSD symptoms themselves are determined by biologic responses, rather
than the opposite. For example, Hawk et al. (2000) found that at 1 month post-
trauma, urinary cortisol levels were elevated among men with PTSD symptoms
(but not women). By 6 months, there were no group differences in cortisol,
but emotional numbing at 1 month predicted lower cortisol levels 6 months
after the accident. Similarly, in a prospective study in which plasma cortisol
and continuous measures of PTSD symptoms were obtained from 21 survivors
at 1 week and 6 months post-trauma, cortisol levels at 1 week did not predict
subsequent PTSD, but cortisol levels at 6 months negatively correlated with
self-reported PTSD symptoms within PTSD subjects (Bonne et al. 2003a).

PTSD may arise from any number of circumstances, one of which may be
the hormonal milieu at the time of trauma, which may reflect an interaction of
pre- andperi-traumatic influences.These responsesmaybe furthermodified in
the days and weeks preceding it by a variety of other influences. For example,
under normal circumstances, CRF and ACTH are activated in response to
stress, and ultimately culminate in cortisol release, which negatively feeds
back to keep the stress response in check. A reduced adrenal capacity might
initially lead to a stronger activation of the pituitary due to increased CRF
stimulation in synergy with other neuropeptides, such as arginine vasopressin,
resulting in a high magnitude ACTH response. This might lead to a greater
internal necessity by the pituitary for negative feedback inhibition. Achieving
regulationunder these conditionsmightnecessitate aprogressivedecline in the
ACTH/cortisol ratio, possibly facilitated by accommodations in the sensitivity
ofGRsandothercentralneuromodulators,ultimately leading toanexaggerated
negative feedback inhibition. Affecting these hormonal responses might also
be the demands made by posttraumatic factors. Although such a model is
hypothetical, it is consistent with the adaptational process of allostatic load
described by McEwen (1999): that is, that physiologic systems accommodate
to achieve homeostasis based on already existing predispositions to stress
responses. Thus, the neuroendocrinologic response to trauma of a person with
lower cortisol levels at the outset might be fundamentally different from that
of someone with a greater adrenal capacity and higher ambient cortisol levels.

One of most compelling lines of evidence supporting the hypothesis that
lower cortisol levels may be an important pathway to the development of PTSD
symptoms involves results of studies by Schelling et al. (2001) who admin-
istered stress doses of hydrocortisone during septic shock and evaluated the
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effects of this treatment on the development of PTSD and traumatic memories.
Indeed, the results of a randomized, double-blind study demonstrated that
administration of hydrocortisone in high, but physiologic-stress, doses was
associated with reduced PTSD symptoms compared to the group that received
saline. These findings support the idea that low cortisol levels may facilitate the
development of PTSD in response to an overwhelming biologic demand—at
least in some circumstances.

7
Conclusions

The HPA axis alterations in PTSD support the idea that HPA axis alterations
are complex and might be associated with different aspects of PTSD, including
risk for the development of this disorder. For the findings to coalesce into an
integrative neuroendocrine hypothesis of PTSD, it would be necessary to assert
that (1) some features of the HPA axis may be altered prior to the exposure to
a focal trauma; (2) that components of the HPA axis are not uniformly regulated
(e.g., circadian rhythm patterns, tonic cortisol secretion, negative feedback in-
hibition, and the cortisol response to stress are differentially mediated; (3) that
the system is dynamic, and may therefore show transient increases or hyperre-
sponsivity under certain environmental conditions; that (4) other regulatory
influences might affect HPA axis regulation in PTSD; and probably (though not
necessarily), that (5) there might be different biologic variants of PTSD with
relatively similar phenotypic expressions, as is the case with major depressive
disorder.

The wide range of observations observed in the neuroendocrinology of
PTSD underscores the important observation of Mason et al. (1986) that HPA
response patterns in PTSD are fundamentally in the normal range and do not
reflect endocrinopathy. In endocrinologic disorders, where there is usually
a lesion in one or more target tissues or biosynthetic pathways, endocrine
methods can usually isolate the problem with the appropriate test(s), and
then obtain rather consistent results. In psychiatric disorders, neuroendocrine
alterations may be subtle, and therefore, when using standard endocrine tools
to examine these alterations, there is a high probability of failing to observe all
the alterations consistent with a neuroendocrine explanation of the pathology
in tandem, or of obtaining disparate results within the same patient group
owing to a stronger compensation or re-regulation of the HPA axis following
challenge.

The next generation of studies should aim to apply more rigorous tests
of neuroendocrinology of PTSD based on the appropriate developmental is-
sues and in consideration of the longitudinal course of the disorder, and the
individual differences that affect these processes. No doubt such studies will
require a closer examination of a wide range of biologic responses, including
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the cellular and molecular mechanisms involved in adaptation to stress, and an
understanding of the relationship between the endocrine findings and other
identified biologic alterations in PTSD.
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Abstract This chapter gives an overview of the clinical presentation of anxiety disorders and
reviews basic epidemiological knowledge on them. The presented knowledge is largely re-
lated to the classification of anxiety disorders as presented by the Diagnostic and Statistical
Manual of Mental Disorders since its third revision (DSM-III). Without going into detail into
the history of the classification of anxiety disorders and into the history and development of
the several editions of the Diagnostic Manual of Mental Disorders (DSM) of the American
Psychiatric Association (APA) it should just briefly be mentioned that the DSM of the APA
has undergone until today four revisions. Within these revisions, the third edition (DSM-III)
changed most radically from the forerunning ones. The major change in DSM-III was that
the category “anxiety neurosis” was deleted because this term was too general and could not
be defined reliably. On the basis of evidence that imipramine can block panic attacks, panic
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disorder was created as a new diagnosis for the first time in DSM-III. Anxiety states without
spontaneous panic attacks were separated from panic disorder and defined as a residual
category, generalized anxiety disorder. The revised version of DSM-III, DSM-III-R, was
published in 1987, and the fourth and most recent edition, DSM-IV, was published in
1994. More recently, a text revision of DSM-IV has been published that does not entail
changes to the diagnostic criteria of disorders, but provides updated empirical reviews for
each diagnostic category regarding associated features, cultural, age, and gender features,
prevalence, course, familial patterns, and differential diagnosis (DSM-IV-R). Without going
into further details of the development and changes across the different editions and revi-
sions of DSM—these have been reviewed comprehensively in other reviews—this chapter
gives an overview about the clinical presentations of anxiety disorders by referring mainly
to the forth edition of the DSM (DSM-IV 1994). In the second part, the chapter reviews
and summarizes selected aspects (prevalence, correlates, risk factors and comorbidity) of
epidemiological knowledge on anxiety disorders.

Keywords Phenomenology · Epidemiology · Prevalence · Age of onset · Comorbidity ·
Correlates

This chapter gives an overview of the clinical presentation of anxiety disor-
ders and reviews basic epidemiological knowledge on them. The presented
knowledge is largely related to the classification of anxiety disorders as pre-
sented by the Diagnostic and Statistical Manual of Mental Disorders since its
third revision (DSM-III 1980). Without going into detail into the history of the
classification of anxiety disorders and into the history and development of the
several editions of the Diagnostic Manual of Mental Disorders (DSM) of the
American Psychiatric Association (APA) it should just briefly be mentioned
that the DSM of the APA has undergone until today four revisions. Within these
revisions, the third edition (DSM-III 1980) changed most radically from the
forerunning ones. The major change in DSM-III was that the category “anx-
iety neurosis” was deleted because this term was too general and could not
be defined reliably. On the basis of evidence that imipramine can block panic
attacks (Klein 1964), panic disorder was created as a new diagnosis for the
first time in DSM-III. Anxiety states without spontaneous panic attacks were
separated from panic disorder and defined as a residual category, generalized
anxiety disorder. The revised version of DSM-III, DSM-III-R, was published
in 1987, and the fourth and most recent edition, DSM-IV, was published in
1994. More recently, a text revision of DSM-IV has been published that does
not entail changes to the diagnostic criteria of disorders, but provides updated
empirical reviews for each diagnostic category regarding associated features,
cultural, age, and gender features, prevalence, course, familial patterns, and
differential diagnosis (DSM-IV-R 2000). Without discussing further details
of the development and changes across the different editions and revisions of
DSM—these have been reviewed comprehensively in other reviews (see Brown
and Barlow 2002; Marshall and Klein 2003)—this chapter gives in the first part
an overview about the clinical presentations of anxiety disorders by referring
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mainly to the forth edition of the DSM (DSM-IV 1994). In the second part, the
chapter reviews and summarizes selected aspects (prevalence, correlates, risk
factors and comorbidity) of epidemiological knowledge on anxiety disorders.

1
Part I: Clinical Presentation

Overall, the core element of all anxiety disorders is the occurrence of an anxi-
ety reaction that may vary widely in terms of intensity, frequency, persistence,
trigger situations, severity and consequences and other qualifying features.
Anxiety disorders as defined in the current DSM-IV can be described in terms
of the situations, objects or thoughts which provoke anxiety, the specific ex-
pression of anxiety in terms of autonomic, and cognitive or motoric features,
as well as the specific behaviours used to cope with the provoked anxiety. In
some disorders anxiety is expressed mainly in physiological reactions such
as heart palpitations (panic disorder), in others primarily by avoidance (spe-
cific phobias), and still others by cognitive symptoms such as obsessions or
worries (obsessive-compulsive disorder, generalized anxiety disorder). Table 1
gives an overview of the key features of major anxiety disorders included in
DSM-IV.

DSM-IV specifies a total of 12 anxiety disorders, but starts by defining
panic attacks. Panic attacks are defined separately but are not considered as
a separate diagnostic category because they may occur in many of the other
anxietydisorders.Likewise, agoraphobiaandpanicdisorderarenot considered
as specific anxiety diagnoses but rather their combination. In the following,
a description of the clinical presentation will be given:

1.1
Panic Attack

Panic attacks are brief, recurrent, unexpected and discrete periods of feelings
of intense fear or discomfort. For a diagnosis according to DSM-IV, at least
four of the following typical panic symptoms must be present: pounding heart
or accelerated heart rate, sweating, trembling or shaking, sensations of short-
ness of breath or smothering, feeling of choking, chest pain or discomfort,
nausea or abdominal stress, feeling dizzy, light-headed or faint, unsteady, de-
realization (feelings of unreality) or depersonalization, fear of losing control or
going crazy, fear of dying, paresthesias, and chills or hot flushes. Spontaneous
panic attacks occur “out of the blue” without any obvious environmental or
situational triggers. The DSM-IV also identifies (1) situationally bound (cued)
panic attacks, in which the panic attack almost invariably occurs immediately
on exposure to the situational trigger, and (2) situationally predisposed panic
attacks, which are more likely to occur on exposure to the situational cue but
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are not invariably associated with this cue and do not necessarily occur im-
mediately after exposure. Panic attacks can occur in a wide range of mental
disorders, including other anxiety disorders and mood disorders.

1.2
Panic Disorder and Agoraphobia

In the DSM-IV description of panic disorder, recurrent and at least initially
unexpected panic attacks are the key clinical feature, along with persistent
concerns about having another attack, worry about the implications or the
consequences of the attack, or a remarkable behavioural change related to the
attacks. Here again, the panic attacks do not reflect exposure to a situation that
always causes anxiety (as in specific phobia) and are not triggered, for example,
by social attention. Panic disorder should be classified as either with or without
agoraphobia. Agoraphobia is defined as fear of situations from which escape
may be difficult or embarrassing or in which help may not be available when
panic attacks occur. The person avoids these situations, endures them with
anxiety about having another panic attack, or can tolerate them only if another
person is present.

According to the DSM-IV criteria, agoraphobia without panic disorder can
be described as being in places where help might be difficult or embarrassing,
or in which help may not be available in the event of panic-like symptoms,
rather than the presence of full panic attacks. Typical situations involve being
outside the home, being in a crowd or a line, being on a bridge, or in a bus,
subway or car (DSM-IV 1994). For a diagnosis of panic disorder with or without
agoraphobia, differential diagnosis must assure that neither the panic attacks
nor the avoidance behaviour is part of a physiological condition, medical
condition, or other mental disorder.

1.3
Specific Phobia

The key feature of specific phobia is an intense and persistent fear of cir-
cumscribed situations or specific stimuli (e.g. exposure to animals, blood).
Confrontation with the situation or stimulus provokes almost invariably an im-
mediate anxiety response. Often, the situation or stimulus is therefore avoided
or endured with considerable dread. Adolescents and adults with this disorder
recognize that this anxiety reaction is excessive or unreasonable, but this may
not be the case in children. For a diagnosis according to DSM-IV, the avoid-
ance, fear or anxious anticipation of the phobic stimulus must interfere with
the persons daily life or the person must be markedly distressed about having
the phobia. Further, the phobic reactions are not better explained by another
mental disorder, such as, for example, social phobia.
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1.4
Social Phobia

Social phobia can be characterized as overwhelming anxiety and excessive self-
consciousness in social situations. The fundamental clinical feature of social
phobia is a marked and persistent fear of social or performance situations
in the presence of unfamiliar people or when scrutiny by others is possible,
even in the context of small groups. Examples would be concern about being
unable to speak in public or choking on food when eating in a restaurant.
Exposure to such social and performance situations provokes an immediate
anxiety response or results in maladaptive avoidance behaviour. Associated
features of social phobia frequently include poor social skills, hypersensitivity
to criticism and negative evaluation and difficulty of being assertive, as well
as low self-esteem and feelings of inferiority. This fear of social situations can
be associated with physical symptoms such as blushing, sweating, trembling
or heart palpitations. Many people with social phobia recognize that their fear
of being among people may be excessive or unreasonable, but they are unable
to overcome it. They often worry for days or weeks in advance of a dreaded
situation. It is important, however, to note that simple performance anxiety,
stage fright or shyness in social situations should not be diagnosed in DSM-IV
as social phobia unless the anxiety or avoidance are so marked and persistent
that they lead to clinically significant impairment or subjective suffering. For
a diagnosis, DSM-IV further demands that the fear is not due to the effect of
a substance or a medical condition, and is not better accounted for by another
mental disorder.

1.5
Obsessive–Compulsive Disorders

Obsessive–compulsive disorder (OCD) is characterized by recurring and ex-
tremely time-consumingobsessionsor compulsions that causemarkeddistress
or significant impairment in daily functioning. Obsessions can be described as
recurrent, intrusive or inappropriate thoughts, images or impulses that cause
feelings of anxiety. Obsessions often involve preoccupations with contami-
nation, symmetry, pathological doubting or uncertainty or harm to self or
others, as well as preoccupations with sexual or violent thoughts. The per-
sons often have the feeling that omitting the ritual will lead to disastrous
results. Compulsions can be characterized as repetitive behaviours that the
person feels driven to perform in an attempt to avoid feelings of tension or
anxiety. They can include both repetitive physical behaviours (such as stereo-
typic counting or arranging, checking or cleaning behaviours) and also mental
rituals (such as repeating specific verbal rituals). Obsessions are unpleasant
and provoke anxiety, whereas carrying out a compulsion may reduce anxiety.
Although compulsions are defined by DSM-IV as repetitive behaviours that
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a person feels driven to perform in response to an obsession, the diagnostic
criteria allow the diagnosis of OCD also to be made when a person reports
only compulsions. In order to meet DSM-IV criteria for OCD, obsessions and
the performance of the compulsions must be of significant intensity and/or
frequency to cause significant distress or marked impairment. The person has
further to recognize, at least in part, the irrational nature of the obsessive–
compulsive symptoms, yet he or she is not able to stop them. The differential
diagnosis of OCD includes other mental disorders in the context of which
repetitive behaviours and thoughts can occur. For a diagnosis of OCD, the
content of the obsessions/compulsions cannot be completely explained by an-
other disorder. The obsessions of OCD must further be distinguished from
the ruminations of major depression, racing thoughts of mania, and psychotic
features of schizophrenia. The compulsions of OCD must be distinguished
from the stereotypic movements found in individuals with mental retardation
or autism, the tics of Tourette syndrome, the stereotypies of complex partial
seizures and the ritualized self-injurious behaviours of borderline personality
disorder.

1.6
Posttraumatic Stress Disorder

Posttraumatic stress disorder (PTSD) is an anxiety disorder that can develop
after exposure to a terrifying event in which severe physical harm occurred
or in which the person was threatened. According to DSM-IV the diagno-
sis of PTSD is based on an extreme response to an extremely threatening
and stressful event (e.g. natural disasters, wars, actual or threatened injuries,
violent personal assaults). As a reaction to the traumatic event, the person
develops an intense feeling of fear, horror and helplessness. The person may
suffer from repeated involuntary re-experiences of some aspects of the situ-
ation in the form of flashback episodes or dreams. These re-traumatizations
may occur spontaneously or subtle cues linked to the event may trigger them.
In addition, the person shows physical or emotional avoidance of disturbing
memories and a numbing of general responsiveness. This may imply feelings
of detachment or estrangement from others, a restricted range of affect and
a sense of a foreshortened future. Finally, there are symptoms of increased
arousal including sleep disturbance, difficulties with memory and concentra-
tion, hypervigilance, irritability or angry outbursts as well as an exaggerated
startle response. DSM-IV allows for the specification of symptoms of PTSD
to be acute (less than 3 months duration of symptoms), chronic (more than
3 months duration of symptoms) or delayed (onset of the symptoms at least
6 month after the trauma). For a diagnosis, symptoms of re-experience, avoid-
ance and increased arousal must be present for more than 1 month and must
be associated with remarkable distress or impairment in everyday life.
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1.7
Generalized Anxiety Disorder

The essential clinical feature of generalized anxiety disorder (GAD) is long-
lasting, excessive and unrealistic anxiety or worry about a number of life
circumstances occurring. The worry and tension is causeless and more severe
than the degree of anxiety most people experience. The anxiety further is
associated with increased cognitive and physiological arousal. Usually, people
with GAD expect the worst: they worry excessively about money, health, family
or work, even when there are no signs of trouble at all. For a diagnosis to
be made according to DSM-IV, the person must experience the worries over
aperiodof 6monthsormore,mustfind it difficult to control theworries and the
symptomsmust causemarkeddistressor significant impairment indaily life.At
least threeof the followingsix symptomsalsoneed tobepersistent: restlessness,
being easily fatigued, difficulty in concentrating, irritability, muscle tension
and sleep disturbance. This diagnosis needs to be distinguished from anxiety
arising as part of a mood disorder, or anxiety related to another DSM-IV axis I
disorder.

2
Part II: Epidemiology

2.1
Prevalence

In the last few decades several large epidemiological studies have estimated the
prevalence of anxiety disorders in the community; most of them were carried
out in industrialized countries.

Table 2 summarizes lifetime, 12-month, 6-month and point prevalence find-
ings for anxiety disorders across major community studies that have been
conducted since the introduction of the DSM-III in 1980. Table 2 in addition
provides information about diagnostic criteria, instruments used, and sample
sizes.

Before trying to come to a conclusion about the prevalence of anxiety dis-
orders in the general population, some comments should be made about the
reasons why one must be careful when interpreting the results. As we see in Ta-
ble 2, we are facing different studies conducted in different countries in various
settings. Across the cited studies, different diagnostic instruments, different
sampling procedures, inclusion of different age groups, different criteria used
to generate diagnoses, different time frames for the diagnoses (e.g. lifetime,
six-month prevalence or point estimates) and different severity ratings for di-
agnostic decisions have been used. All these methodological differences may at
least partially explain the, at the first sight, remarkable degree of heterogeneity
and inconsistency of findings across the reviewed studies.
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Looking now into the prevalence rates reported from the several studies, life-
time prevalence rates for all anxiety disorders lumped together in the different
studies range between 5.6% and 28.7%. The estimated median of the included
studies is 15.1%. Lifetime prevalence estimates describe the proportion of per-
sons in the population who have developed the disorder under consideration
at least once in their life. Based on this estimated median, anxiety disorders
occur in approximately 1 in 7 persons in the general population at some point
in their life. Looking closer at specific anxiety disorders, it becomes evident
that the high lifetime prevalence of anxiety disorders is mostly due to the high
frequency of simple phobia and social phobia.

Across studies, lifetime prevalence estimates for specific phobia range from
0.6% to 14.4%. Table 3 presents, additionally, lifetime prevalence rates for
specific fears and phobias, based on the findings from the U.S. National Co-
morbidity Survey (NCS; Kessler et al. 1994; Curtis et al. 1998). As can be seen,
the most prevalent specific phobias were animal phobia (5.7%) and height
phobia (5.3%), confirming previous research findings from the Epidemiologi-
cal Catchment Area Survey (Bourdon et al. 1988). Across the studies, lifetime
prevalence of social phobia was estimated to range between 0.5% and 16%.
Community surveys assessing the lifetime prevalence of social phobia accord-
ing to the DSM-III criteria—by using the Diagnostic Interview Schedule (DIS,
Robins et al. 1981)—found lifetime prevalence rates of DSM-III social phobia
to range from 0.5% to 3.0%, while more recently conducted surveys assessing
social phobia according to DSM-IV by using the Composite International Di-
agnostic Interview (CIDI; WHO 1990) have found considerably higher lifetime
prevalence rates. For example, in the U.S. NCS (Kessler et al. 1994) DSM-III-R
social phobia was found to have lifetime prevalence rate of 13.3%. As part
of the Munich Early Developmental Stages of Psychopathology Study (EDSP;

Table3 Lifetimeprevalenceof specificphobias according to the specific stimuli andsituations
in the NCS (adapted from Curtis et al. 1998)

Stimulus/situation Lifetime prevalence (%)

Height 5.3

Flying 3.5

Close spaces 4.2

Being alone 3.1

Storms 2.9

Animals 5.7

Blood 4.5

Water 3.4

Any 11.3
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Wittchen et al. 1998a; Lieb et al. 2000a), lifetime prevalence of DSM-IV social
phobia was investigated in a community sample of 14- to 24-year-olds. Us-
ing a computerized version of the CIDI (DIAX/M-CIDI; Wittchen and Pfister
1997), the lifetime prevalence of social phobia was found to be 3.5% among
adolescents and young adults. Table 2 shows that for GAD among adults, the
estimated lifetime prevalence rates range from a low of 1.9% in Switzerland
(Wacker et al. 1992) to a high of 31.1% in New Zealand (Wells et al. 1989). Most
estimates range between 2.3 and 4.5%. For agoraphobia, lifetime prevalence
rates between 0.4% and 10.9% have been reported across the studies. OCD and
panic disorder seem to be less frequent in the general population, with life-
time prevalence rates between 0.5% and 3.2% and 0.5% and 4.5%, respectively.
Compared to the other anxiety disorder, less is known about the frequency
of PTSD in the general population, since only a few studies before DSM-IV
included the assessment of PTSD. With the exception of the relatively high
estimates of 7.8% and 11.7% for U.S. samples (Kessler et al. 1995; Turner and
Gil 2002), studies outside the U.S. found consistently low lifetime prevalence
rates, ranging from 0.2% to 3.0%.

Table 2 also indicates that the prevalence estimates for 12-month, 6-month
and point prevalences are lower when compared to the lifetime estimates. This
can be seen as one indicator of the fluctuating character of anxiety disorders. As
discussed above, variation across studies is probably mainly due to differences
in study characteristics. Overall, the 12-month prevalence rates for any anxiety
disorder result in an estimated median of 11%, indicating that 1 in 10 people
were affected by an anxiety disorder in the year preceding the assessment.

2.2
Age of Onset

Epidemiological studies in which age of first manifestation of anxiety was
investigated consistently show that, with the exception of panic disorder and
generalized anxiety disorder, anxiety disorders seem to start early in life, in
the first and second decade of life.

Data from the WHO International Consortium in Psychiatric Epidemiology
(ICPE),which carriedout cross-national comparative studies on theprevalence
and correlates of mental disorders, investigated the distribution of age of
onset for the overall diagnostic group of anxiety disorder including panic
disorder, agoraphobia, simple phobia, social phobia and generalized anxiety
disorder. Fig. 1 shows graphically the findings that this group obtained across
six countries.

In these analyses, the Kaplan-Meier method was used to generate age-of-
onset-curves. Figure 1 shows not only that the onset distributions were similar
across countries, but also that more than 50% of the cases had their first onset
before age 20. Even the proportion of individuals with a first manifestation of
anxiety disorder before age 10 is remarkably high. After age 40, the risk for
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Fig. 1 Age of onset distribution of any anxiety disorders in the ICPE surveys (WHO-ICPE-
Analyses, Andrade et al. 2000; reprinted with permission)

first onset of an anxiety disorder becomes lower. In the ICPE analyses, anxiety
disorders were estimated to have a median age of onset of 15 years, ranging
from 12 years in Canada to 18 years in the Netherlands (Andrade et al. 2000).
Similar results have also been obtained in the German Mental Health Survey as
part of the German National Health Interview and Examination Survey (GHS-
MHS; Jacobi et al. 2004). Data of this population survey suggest the median of
retrospectively reported first onset of anxiety disorder to be at age 18.

Regarding the specific types of anxiety disorders, specific and social phobia
show the earliest manifestations (see Wittchen et al. 1999a). The main risk
period for these anxiety disorders lies in childhood or adolescence, and after
age 20 the probability for first onset considerably decreases. In contrast, gen-
eralized anxiety disorder, panic disorder and OCD manifest somewhat later,
during late adolescence until middle adulthood (Burke et al. 1990; Magee et al.
1996; Wittchen et al. 1999a). Thus, for generalized anxiety disorder, remark-
able risks of onset begin in the teens but then cumulate through the 50s (Bijl
et al. 1998; Kessler et al. 2002). For panic disorder, ECA results suggest the
average age of onset to be at the end of the third decade. The ECA data further
suggest different risk periods for males and females; the probability for first
onset was highest between ages 30 and 44 years for females and between ages
30 and 44 years for males. Recent results, however, from the Munich EDSP
study suggest that first onset of panic disorder can already be observed during
early adolescence (Wittchen et al. 1998b).
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Data on retrospectively reported age of first onset of OCD suggest that the
second and third decade in life seem to be a critical period for first manifes-
tation. Thus, partially dependent on the age range of the study sample, mean
ages of first onset for OCD have been reported to range between 12.8 (Flament
et al. 1988) and 35.5 years (Weissman et al. 1994; Degonda et al. 1992; Grabe
et al. 2001). Also using retrospective collected age-of-onset information but
applying the more sophisticated life table methods, the ECA study found high-
est hazard rates between age 15 and 39 years, suggesting this age frame as most
important for the first onset of OCD (Burke et al. 1990).

2.3
Correlates

2.3.1
Gender

Data from epidemiological studies consistently have shown that anxiety dis-
orders are more common in women than in men. On average, anxiety dis-
orders are about twice as frequent in women (Kessler et al. 1994; Alonso
et al. 2004; Jacobi et al. 2004). Although there are variations across the spe-
cific forms of anxiety disorders (female:male ratio ranging between 1.5 and
2.5), the overall higher risk for women remains stable. The lifetime and 12-
month prevalences of agoraphobia, specific phobia, generalized anxiety dis-
order, panic disorder and posttraumatic stress disorders are approximately
twice as prevalent among women as men (Eaton et al. 1991; Kessler et al.
1994; Magee et al. 1996; Bijl et al. 1998; Alonso et al. 2004; Jacobi et al.
2004). Across the surveys, smaller sex differences were found for social phobia
and OCD (Magee et al. 1996; Bijl et al. 1998; Alonso et al. 2004; Jacobi et al.
2004).

2.3.2
Sociodemographic Factors

Apart from gender, other reported sociodemographic correlates for anxiety
disorders include education (Eaton et al. 1991; Magee et al. 1996; Bijl et al.
1998; Wittchen et al. 1998a; Andrews et al. 2001), marital status (Bland et al.
1988a,b; Regier et al. 1993; Magee et al. 1996; Andrews et al. 2001; Alonso et al.
2004; Jacobi et al. 2004), urbanicity (Magee et al. 1996; Bijl et al. 1998; Wittchen
et al. 1998a; Andrews et al. 2001; Alonso et al. 2004), employment status (Magee
et al. 1996; Bijl et al. 1998; Andrews et al. 2004; Alonso et al. 2004; Jacobi et al.
2004) and financial situation (Eaton et al. 1991; Kessler et al. 1994; Bijl et al.
1998; Wittchen et al. 1998a).
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2.4
Risk Factors

2.4.1
Family–Genetic Factors

One of the major risk factors for the development of an anxiety disorder is
a family history of psychopathology. In several epidemiological studies the fa-
milial aggregation of anxiety disorders was demonstrated (Angst 1998; Kendler
et al. 1997; Kessler et al. 1997; Bromet et al. 1998; Lieb et al. 2000b; Wittchen
et al. 2000a; Chartier et al. 2001; Bijl et al. 2002). On the basis of the Munich
EDSP-study, Lieb et al. (2000b) could demonstrate that offspring of parents
with social phobia have an increased risk for social phobia vs offspring men-
tally healthy of parents (see Fig. 2). This study found, in addition, that risk
for social phobia seems also to be elevated among offspring of parents with
other psychopathology, e.g. other anxiety disorders, depression or alcohol use
disorders, suggesting a familial cross-transmission of these disorders.

In another study, Lieb et al. (2002) confirmed the cross-aggregation of
anxiety disorders and depression by showing that offspring of parents with
depressive disorders have not only an elevated risk for depressive disorders
but also for anxiety disorders. Considering parental comorbidity, the cross-
aggregation between parental depression and general anxiety disorder in off-

Fig. 2 Onset of social phobia among respondents with parents with social phobia, par-
ents with psychopathology, excluding social phobia, and those whose parents had no
psychopathology (Lieb et al. 2000; from Arch Gen Psychiatry, 57:859–66, Fig. 563 therein
Copyright (2000) by permission of American Medical Association. All rights reserved)
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spring remained significant. These results are similar to the results of Kendler
et al. (1997) who investigated the familial aggregation of mental disorders by
using the family history data of the NCS. Although these researchers found
some specificity in the familial transmission of generalized anxiety disor-
der, the cross-aggregation between major depression and generalized anxiety
disorder remained stable after controlling for comorbidity. The influence of
a family history of anxiety disorders on the risk to develop anxiety disorders
was also demonstrated in several studies by using the family- and high-risk
design (Hettema et al. 2001). Since the genetic epidemiology of anxiety disor-
der is intensively discussed in another chapter (see Merikangas and Low, this
volume), further results will not be discussed in more detail here.

2.4.2
Behavioural Inhibition and Parenting Style

Behavioural inhibition describes the tendency to be shy, timid and constrained
in unfamiliar situations (Kagan et al. 1984).This disposition is very stable, can
be observed early in life and is assumed to be genetically determined. Off-
spring of parents with anxiety disorders show higher behavioural inhibition
than offspring of parents without anxiety disorders (Rosenbaum et al. 1991).
Behavioural inhibition has seldom been evaluated in epidemiological stud-
ies. However, those that included it consistently found associations between
behavioural inhibition during childhood and subsequent development of anx-
iety disorders. Inconsistent findings, however, have been reported regarding
the specificity of behavioural inhibition, i.e. whether behavioural inhibition
increases specifically the risk for specific forms of anxiety disorders (social
anxiety), all anxiety disorders or other mental disorders (Wittchen et al. 2000a;
Biederman et al. 2001).

Considering the influence of parenting style in the development of anxiety
disorders, the available epidemiological studies present a rather inconsistent
picture (Ernst and Angst 1997; DeWit et al. 1999; Magee 1999; Wittchen et al.
2000a). For social phobia, Lieb et al. (2000a) demonstrated on the basis of the
prospective-longitudinal EDSP study, that specifically parental overprotection
and rejection seem to increase children’s risk for developing this anxiety disor-
der. In contrast, aspects of family climate could not be shown to be associated
with an increased risk for anxiety disorders (Chartier et al. 2001; Merikangas
et al. 2002).

2.4.3
Life Events

The impact of life events as potential risk factor in the development of anxiety
disorders has been evaluated in several epidemiological studies. In almost all
studies evidence was found for an association between childhood adversities
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and the subsequent development of anxiety disorders (Ernst et al. 1993; Fer-
gusson et al. 1996; Kessler et al. 1997; Bijl et al. 1998; Chartier et al. 2001;
DeGraaf et al. 2002). Molnar et al. (2001) evaluated on the basis of the NCS
data the relationship between child sexual abuse and subsequent mental dis-
orders. They found that, among women, child sexual abuse increases the risk
for agoraphobia, panic disorder, posttraumatic stress disorder and social pho-
bia. Among men, only posttraumatic stress disorder was associated with child
sexual abuse. Similar specific findings were recently reported by MacMillan
et al. (2001) who found significant associations between child sexual abuse
and subsequent anxiety disorders only among women. Other life events that
have been investigated include parental divorce, death of parents and early
separation from parents, but to date these factors have not consistently been
proved as risk factors for the development of anxiety disorders.

2.5
Comorbidity

The term comorbidity was developed in the context of chronic diseases and
was defined by Feinstein (1970) as “any distinct additional clinical entity that
has existed or that may occur during the clinical course of a patient who has
the index disease under study” (pp. 456–457). In psychiatric epidemiology, co-
morbidity describes the co-occurrence of at least two mental disorders within
the same person within a defined time period (e.g. lifetime, 12 months; Maser
and Cloninger 1990; Wittchen 1996). The lifetime perspective of comorbidity
is specifically important for the identification of the temporal patterns of co-
morbidity, which is especially important for the development of models about
the pathogenetic relationship between different forms of mental disorders (see
Merikangas and Stevens 1998). Studies of diagnostic patterns in general pop-
ulation samples (e.g. Kessler et al. 1996; Merikangas et al. 1998; Kessler 2001;
Jacobi et al. 2004) and in clinical samples (e.g. Mezzich et al. 1990; Sartorius
et al. 1996) have shown that comorbidity among anxiety disorders is highly
prevalent. The ECA investigators were the first to demonstrate that comorbid-
ity is widespread among subjects with a lifetime history of an anxiety disorder
and that comorbidity seems more the rule than the exception; more than two
third of subjects with lifetime DSM-III anxiety disorders meet additional life-
time criteria for at least one other mental disorder (Robins et al. 1991). Similar
results were found in the NCS: over 70% of the respondents with a lifetime his-
tory of at least one anxiety disorder also had another mental disorder (Kessler
et al. 1994), with highest comorbidity rates for panic disorder (92%) and gen-
eralized anxiety disorder (Kessler 1997). Also findings of the more recently
conducted German GHS-MHS are consistent with this pattern: 62% of subjects
with a 12-month diagnosis of DSM-IV anxiety disorder were found to have
a second 12-month diagnosis as well (Jacobi et al. 2004). Comparable to the
NCS results, highest comorbidity rates were found for panic disorder (88%)
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and generalized anxiety disorder (94%). In the GHS-MHS population sam-
ple, more than half of the subjects with panic disorder or generalized anxiety
disorder, more than 60% with OCD, and more than 20% of the subjects with
a phobic disorder fulfilled diagnostic criteria for three or more other mental
disorders. All these findings suggest that the co-occurrence of anxiety disor-
ders with other mental disorders is a pervasive feature of anxiety disorders.
However, although epidemiological studies have shown that comorbidity in
anxiety disorders is a valid phenomenon, the meaning of comorbidity is still
poorly understood. Although several models have been proposed to explain
comorbidity (Kessler and Price 1993), we are just beginning to understand its
pathogenetic and treatment implications.

2.5.1
Comorbidity with Affective Disorders

Several population-based studies have consistently found a remarkable asso-
ciation between anxiety disorders and affective disorders, particularly with
major depression (Weissman et al. 1994; Angst 1993; Lewinsohn et al. 1997;
Merikangas et al. 1998; Regier et al. 1998; Kessler 2001). According to NCS data,
subjectswithananxietydisorderhaveanalmostfive timesgreater chanceofde-
veloping major depression, compared to subjects without any anxiety disorder
(Kessler 2001). Cross-sectional studies that have investigated the temporal pat-
tern of onset of anxiety and depression in comorbid cases have demonstrated
that major depression generally develops secondary to anxiety, suggesting that
anxiety disorders increase the risk for subsequent depression (Kessler et al.
1996; Regier et al. 1998). Recently, several prospective analyses of the EDSP
study have shown that indeed almost all forms of anxiety disorders increase
the risk for first onset of major depression (Wittchen et al. 2000a; Stein et al.
2001; Bittner et al. 2004). Together, on the basis of the available empirical evi-
dence, it can be concluded that primary anxiety disorders increase the risk of
developing a secondary depressive disorder.

2.5.2
Comorbidity with Substance Use Disorders

Epidemiological studies have also documented the comorbidity between anx-
iety disorders and substance use disorders. In the U.S. NCS, one in five people
with a lifetime history of a DSM-III-R anxiety disorder fulfilled, in addition,
diagnostic criteria for alcohol dependence (range across specific forms of anxi-
ety disorders: 21%–30%) and about 15% fulfilled criteria for drug dependence
(range 15%–23%; Kessler et al. 1996). In a more recent cross-sectional in-
vestigation of patterns of co-morbidity between substance use and anxiety
disorders in six studies participating in the ICPE (Merikangas et al. 1998), the
investigators found across all sites strong associations between anxiety disor-
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ders and alcohol and drug dependence. The odds ratios (ORs) as a measure
of association were ranging between 1.8 and 2.7 for alcohol dependence and
between 3.3 and 5.2 for drug dependence. Considering the observed ranges
of associations within the specific substance dependencies, the available epi-
demiological findings do not argue for single combinations of disorders having
consistently stronger associations than others. Risks rather seem to be of sim-
ilar magnitude. The ICPE analyses also investigated the temporal ordering
of the onset of the comorbid disorders and found that in general, anxiety
disorders precede the onset of substance problems/disorders. Applying more
sophisticated prospective analyses, Zimmermann et al. (2003) could demon-
strate based on the 4-year follow-up data of the EDSP that specifically panic
disorder and social phobia are predictors of subsequent alcohol problems
among adolescents and young adults.

Concerning the comorbidity between anxiety disorders and nicotine de-
pendence, less epidemiological research findings are available. Those studies
that investigated this issue, however, argue for an association between nicotine
dependence and anxiety disorders (Breslau et al. 1994; Johnson et al. 2000;
Sonntag et al. 2000). Recently published EDSP findings have shown a prospec-
tive association specifically between prior nicotine dependence panic and the
development of subsequent (Isensee et al. 2003).

2.5.3
Comorbidity Within the Anxiety Disorders

Although less studied, epidemiological investigation has also shown that there
is a considerable degree of overlap within the anxiety disorders. In the NCS,
associations (in terms of ORs) within different forms of anxiety disorders were
found to range between 3.8 and 12.3 for generalized anxiety disorder, 5.8 and
11.9 for agoraphobia, 4.9 and 8.5 for specific phobia, and 3.8 and 7.8 for social
phobia (Wittchen et al. 1994; Magee et al. 1996). The strongest comorbidity was
found between panic disorder and agoraphobia, due to the fact that agorapho-
bia with panic disorder and agoraphobia without panic were not distinguished
in the diagnostic criteria of agoraphobia. Interestingly, only about one third
of the respondents who meet criteria for DSM-III-R agoraphobia additionally
reported panic attacks. This result confirms earlier results found in the ECA
and Zurich study (Angst and Dobler-Mikola 1985; Weissman et al. 1986) that
panic seems to be involved only in a minority of people with agoraphobia.
Similar findings have recently been obtained in the general population sample
of the EDSP study. Wittchen et al. (1998b) demonstrated that among adoles-
cents and young adults, most subjects with agoraphobia reported nether full
nor limited panic attacks or panic experiences. Other analyses from this study
suggest that panic attacks seem to be rather unspecific for the development of
subsequent disorder, since pre-existing panic attacks prospectively increased
the risk of onset of any secondary anxiety disorder, social phobia, specific
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phobia or generalized anxiety disorder, as well as of any secondary alcohol use
disorder (Goodwin et al. 2004).

3
Summary

The studies reviewed here have shown than anxiety disorders are common
mental disorders in the general population. Overall, anxiety disorders typically
start early in life and have a high degree of comorbidity with other anxiety,
affective and substance use disorders. Comorbid anxiety disorders, specifically
specific and social phobia, are often the temporally primary disorders and are
associated with an elevated risk for the subsequent onset of psychopathology.
The observation that temporally primary anxiety disorders increase the risk
for secondary psychopathology raises the question of whether early prevention
would prevent the onset of subsequent psychopathology. More epidemiolog-
ical analyses and findings are needed to fully understand the mechanisms of
comorbidity: Why do people with primary anxiety develop secondary affective
or substance use disorders? Specifically longitudinal surveys that include such
early manifestations of anxiety disorders are needed in order to understand
the developmental pathway from anxiety to subsequent psychopathology. Not
discussed in this reviews are findings concerning impairments associated with
anxiety disorders and patterns of treatment seeking. Briefly, several studies
have demonstrated that people with anxiety disorders experience reduced
quality of life as well as remarkable impairment in work productivity and
role functioning (Magee et al. 1996; Wittchen et al. 2000b). Other studies have
demonstrated that anxiety disorders are associated with substantial costs to
the health care systems (Greenberg et al. 1999). To conclude, anxiety disor-
ders are prevalent and serious health concerns that should be taken in both
practice and science as seriously as mood or substance use disorders. How-
ever, further epidemiological research is warranted in order to elucidate the
various components involved into the aetiology of anxiety disorders as well as
to learn more about the mechanisms by which anxiety disorders lead to other
psychopathology.
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Abstract Pharmacogenetics as a field of research is increasing the basis of knowledge on the
use of psychotropics in different ethnic patient populations. This chapter summarizes cur-
rent knowledge on the metabolism of anxiolytic agents with emphasis on pharmacogenetics
and ethnic variations in drug responses.

Keywords Pharmacogenetics · Ethnicity · Drug responses

1
Introduction

Agrowing body of literature suggests the importance of culture and ethnicity in
the psychopharmacologic management of psychiatric disorders including anx-
iety disorders. It is well known that ethnic differences exist in terms of response
to various non-psychotropic medications (Kalow 1992). For psychotropic med-
ications, however, data suggesting inter-ethnic variations have emerged more
gradually. Early studies examining dosage and adverse events found that Asian
patients experience adverse side effects at lower dosages of psychotropic medi-



434 M.T. Lin and K.-M. Lin

cation than Caucasian patients (Lin 1983). Along with results from more recent
studies, there is a move toward using pharmacogenetics to determine whether
pharmacokinetic and pharmacodynamic differences between different ethnic
groups can be predicted and whether these in turn can explain the differences
in clinical response and adverse event profile. This chapter will briefly out-
line current knowledge about the pharmacologic treatment for anxiety as it
relates to the pharmacogenetic studies examining the pharmacokinetic and
pharmacodynamic variations in different ethnic groups.

2
Pharmacogenetics

2.1
Cytochrome P450

The focus of pharmacogenetic studies has largely been on those genes that
encode enzymes responsible for the metabolism of medications. However,
ethnic differences may also be affected by genes controlling the function and
response of therapeutic targets. A well-established example of the difference
that exists between different ethnic groups is the metabolism of alcohol. One
of the enzymes responsible for the metabolism of alcohol is acetaldehyde
dehydrogenase (ALDH), and 40%–50% of Asian subjects have a mutation
that renders this enzyme inactive. The result is an uncomfortable “flushing”
response, well known among many Asians even with a very small amount
of alcohol (Agarwal and Goedde 1992; Yoshida 1993). It is now known that
a mutation in a single nucleotide is responsible for the production of the
inactive form of ALDH (Novoradovsky et al. 1995; Goedde et al. 1986).

Psychotropics, including medications for the management of anxiety dis-
orders, are mainly metabolized by the cytochrome P450 enzymes. There are
approximately 20 of these enzymes and they are often responsible for the
rate-limiting step of drug metabolism. Of these, the three that are most com-
monly involved in psychotropic drug metabolism are CYP2D6, CYP2C19, and
CYP3A4.

CYP2D6 is involved in the metabolism of more than half of the psychotropic
drugs (Table 1). In terms of the pharmacologic treatment for anxiety, it is im-
portant to point out that many of the selective serotonin reuptake inhibitors
(SSRIs) and the tricyclic antidepressants (TCAs) are metabolized largely by
CYP2D6. This cytochrome enzyme has very complicated mutation patterns.
The number of functional genes varies from 0 to 13 copies. The functional risk
of mutations encoding this enzyme is important. For example, nortriptyline
is metabolized very slowly in patients who lack a functional gene. However,
in individuals who have more than two copies of functional genes (due to
gene duplication and multiplication) the drug is rapidly metabolized (Dalen
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Table 1 Psychotropic drugs metabolized by CYP2D6

Antidepressants

Amitriptyline, clomipramine, imipramine, desipramine, nortriptyline, trimipramine,
N-desmethylclomipramine, fluvoxamine, norfluoxetine, paroxetine, venlafaxine,
sertraline

Neuroleptics

Chlorpromazine, thioridazine, perphenazine, haloperidol, reduced haloperidol,
risperidone, clozapine, sertindole

Others

Codeine, opiates, propranolol, dextromethorphan, etc.

et al. 1998). A similar effect is also seen with venlafaxine, its metabolism be-
ing slower in those individuals lacking a functional gene (Fukuda et al, 2000;
Veefkind et al. 2000). CYP2D6 is also involved in many drug–drug interaction
problems (DeVane 1994; Ereshefsky and Dugan 2000). For example, quini-
dine, a medication commonly used for the control of cardiac arrhythmia, is
an inhibitor of CYP2D6. If the enzyme is inhibited, the individual becomes
a slow metabolizer regardless of how many copies of the functional gene are
present.

Ethnic differences that exist in terms of the activity of CYP2D6 are largely
determined by the genetic polymorphisms that exist across different ethnic
groups. Some groups rapidly metabolize psychotropic medication and so need
a higher dose compared with poor metabolizer groups who are very sensitive
to even low doses of medication. A genetic polymorphism, known as *2XN
appears to increase the activity of this enzyme and exists in 19%–29% of Arabs
and Ethiopians and 1%–5% in others (Aklillu et al. 1996; Masimirembwa and
Hasler 1997). On the other hand, *17 appears to result in a reduced CYP2D6
activity and is found in 25%–40% of sub-Saharan African blacks and 0% in
others. Similarly, *10 also reduces CYP2D6 activity and is found in 47%–70% of
Asians and 5% in others. Another specific mutation, *4, leads to a complete loss
of enzyme activity, and is responsible for the bimodal distribution of CYP2D6
phenotype, with 5%–9% of Caucasians classified as poor metabolizers. This
allele is rare in other populations. Thus, the pharmacogenetics of CYP2D6
serves as a dramatic example demonstrating the importance of genotypic
profiles in determining the phenotypic expression of the enzyme as well as the
pharmacokinetics of medications metabolized by this enzyme. The advances
made in molecular analysis may explain in part what others have observed
clinically for many years; that is, Asians and African Americans often are more
prone to developing side effects from psychotropics than other ethnic groups.

CYP2C19 is another of the cytochrome P450 enzymes that are involved in
the metabolism of a number of psychotropic drugs. Major ethnic differences
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exist in terms of the activity of this enzyme. Across various groups the percent-
age of poor metabolizers ranges from 3% to 20%. The reduction in activity of
this enzyme is caused by two specific mutations, one of which, *3, is specific to
Asian individuals and is not found outside of Asian populations. The percent-
age of poor metabolizers has been reported to be approximately 15%–20% in
Asians, 5% in Hispanics, and 3% in Caucasians (de Morais et al. 1994; Gold-
stein et al. 1997). The rate in African American populations is unclear, with
incidences of between 4% and 19% being reported (Masimirembwa and Hasler
1997). As with CYP2D6, drug–drug interaction is also an important considera-
tion in the prescription of medications metabolized by CYP2C19. Fluvoxamine
is a potent inhibitor of 2C19 along with other SSRIs, such as paroxetine and
fluoxetine. Medications for the management of anxiety that are metabolized
by CYP2C19 include diazepam, imipramine, amitriptyline, clomipramine and
citalopram. However, only a few drugs are selectively dependent on 2C19 for
metabolism, such as the barbiturates, hexobarbital, and mephobarbital, which
are substrates of 2C19.

CYP3A4 is involved in the metabolism of 80%–90% of all currently avail-
able drugs (Table 2). Its presence accounts for the majority of the cytochrome
enzymes in the liver. It has attracted attention from both physicians and phar-
maceutical companies, as there have been incidences of fatal drug interactions,
which have resulted in the withdrawal of these drugs from the market (terfena-
dine in1997, astemizole in1999, andcisapride in2000).Combinationsofpotent
CYP3A4 inhibitors and substrates can drive drug levels to the toxic range. The

Table 2 Drugs metabolized by CYP3A4

Typical antipsychotics

Thioridazine, haloperidol

Atypical antipsychotics

Clozapine, quetiapine, risperidone, sertindole, ziprasidone

Antidepressants

Nefazodone, sertraline, mirtazapine, tricyclic antidepressants

Mood stabilizers

Carbamazepine, gabapentin, lamotrigine

Benzodiazepines

Alprazolam, clonazepam, diazepam, midazolam, triazolam, zolpidem

Calcium channel blockers

Diltiazem, nifedipine, nimodipine, verapamil

Others

Androgens, estrogens, erythromycins, terfenadine, cyclosporine, dapsone, ketoconazole,
lovastatin, lidocaine, alfentanil, amiodarone, astemizole, codeine, sildenafil
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use of these drug combinations needs to be carefully monitored or avoided
to prevent untoward consequences. Important inhibitors of CYP3A4 include:
SSRIs, nefazodone, azole antifungals, macrolide antibiotics, and antiretrovi-
rals. Interestingly, CYP3A4 is also potently inhibited by grapefruit juice and is
significantly induced by St. John’s Wort. Studies suggest ethnic differences in
the activity of CYP3A4. An example is a study examining the metabolism of the
calcium channel blocker nifedipine (Rashid et al. 1995; Sowunmi et al. 1995).
Asian Indians were found to metabolize nifedipine at a slower rate than British
Caucasians, as determined by AUC values. Another study reported similar dif-
ferences between Caucasian and Asian volunteers in the rate of metabolism of
alprazolam (Lin et al. 1988). In this study, Asian volunteers had higher plasma
levels of alprazolam than Caucasian subjects following intravenous and oral
administration of the same dose. Recent studies continue to find several single
nucleotide polymorphisms with racial variability in their frequency. However,
functional significance of these polymorphisms has not been clearly estab-
lished (Dai et al. 2001).

These examples demonstrate that both genetic and environmental factors
are involved in determining the activity of this and other cytochrome enzymes.
Distinct patterns of genetic polymorphisms exist across ethnic groups and
these can be tested and investigated alongside possible environmental and
dietary factors that may cause differential expression of these genes.

2.2
Genes Encoding Therapeutic Targets

Polymorphisms in genes controlling the function of neurotransmitter systems
(e.g., transporters, receptors, etc.) are thought to be related to the pathogenesis
of many psychiatric disorders including anxiety disorders as well as temper-

Table 3 Genes possibly associated with increased susceptibility for psychiatric disorders

Genes encoding for the biosynthesis and catabolism of neurotransmitters

Tryptophan hydroxylase (TPH)

Tyrosine hydroxylase (TH)

Catechol-O-methyltransferase (COMT)

Monoamine oxidase (MAO)

Receptor genes

5-HT2A, 5-HT1A, DRD2

Transporter genes

Serotonin transporter (5-HTT)

Norepinephrine transporter (NET)

Dopamine transporter (DAT)
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ament, personality disorders or personality traits (Table 3). Variations across
ethnic groups also have been observed in terms of the rate of genetic poly-
morphisms for these genes. For example, the rate of the serotonin transporter
gene (SLC6A4) polymorphism long allele ranges from approximately 20% in
eastern Asians (e.g., Japanese and Chinese) to approximately 70% in African
Americans (Gelernter et al. 1997) (Fig. 1). To the extent that this allele may be
regarded as a risk factor for depression, suicide, or other psychiatric condi-
tions (Greenberg et al. 1998; Jonsson et al. 1998), such findings pose intriguing
questions regarding whether genetic polymorphisms might lead to differential
vulnerabilities in psychopathology across ethnic groups.

The dopamine D2 receptor gene (DRD2) A1 polymorphism remains con-
troversial in terms of whether or not it is functional (Baron 1993). Again there
is a large variation in its prevalence across ethnic groups, ranging from 9% in
Yemenite Jews to 79% in some of the American Indians (Barr and Kidd 1993;
Wu et al. 2000).

Catechol-O-methyltransferase (COMT) catalyses the O-methylation of neu-
rotransmitters, catechol hormones, and drugs such as levodopa and methyl-
dopa. COMT activity is caused by a single mutation. This means that it is
possible to have homozygous low-activity allele subjects, i.e., those having the
lowest enzyme activity, homozygous high-activity subjects, and also those who
are heterozygous and have intermediate activity. Ethnic differences in COMT
activity have been observed in several populations with major differences oc-
curring between Asian and Caucasian populations in terms of the percentage
incidence of low-activity COMT (18% and 50%, respectively) (Palmatier et al.
1999; McLeod et al. 1998). This is a functional polymorphism that may be clin-
ically important in terms of the risk of psychopathology (either schizophrenia
or mood disorders) and the treatment of many neuropsychiatric disorders
(Davidson et al. 1979; Henderson et al. 2000; Murphy et al. 1999; Horowitz et al.
2000; Kotler et al. 1999).

Fig. 1 Percentage of the population with the serotonin transporter gene (SLC6A4) polymor-
phism among different ethnic groups. (Data from Gelernter et al. 1997)



Transcultural Issues 439

A recent Italian study of the 5-HTT promoter region polymorphism and
response to fluvoxamine found that individuals with the short allele were less
likely to respond to treatment than those with the long allele (Smeraldi et al.
1998). Such a relationship was recently confirmed by Pollock et al. (2000); four
other studies conducted in the U.S. and in Europe, as well as one report from
Taiwan, involving the use of fluoxetine and paroxetine. However, the exact
opposite was found in two studies conducted in Korea and Japan, where the
short allele was predictive of significantly better response (Kim et al. 2000). In
one of these latter studies, the promoter region polymorphism was in linkage
disequilibrium with another polymorphism in intron 2, which might in part
explain the discrepancy. Nevertheless, these observations do highlight the
importance of ethnicity in studying genetic and other biological variables in
relation to psychotropic responses, as well as the vulnerability of psychiatric
conditions. Since ethnic differences are known to exist in the rate of the long
allele, this may explain some of the ethnic differences in treatment response.
However, further studies are needed to investigate whether an individual’s
likelihood of responding can be predicted.

3
Anxiolytic Agents and Ethnic Variations

3.1
Benzodiazepines

Benzodiazepines comprise the most frequently prescribed subclass of antianx-
iety agents. These agents, first introduced in the early 1960s, quickly replaced
the use of barbiturates as the pharmacological approach to anxiety. The popu-
larity of these agents can be attributed to their generally quick onset of action
and wider safety margin in overdose compared to the barbiturates. However,
the potential of these agents to elicit physical dependence also quickly be-
came apparent. In addition to the frequent use of these agents as anxiolytics,
benzodiazepines are also commonly used for muscle tension, insomnia, sta-
tus epilepticus (diazepam), myoclonic epilepsy (clonazepam), preoperative
anesthesia, and alcohol withdrawal. Importantly, Ativan (lorazepam) is often
used in the emergency room and inpatient setting to manage acute agita-
tion in patients. Controlled studies involving Asians and Caucasians demon-
strated significant pharmacokinetic differences involving use of the benzo-
diazepines (Ghoneim et al. 1981; Kumana et al. 1987). The volume of distri-
bution of diazepam in these studies was found to be lower, and both serum
diazepam and desmethyldiazepam levels were higher in Asian than in white
physically and psychiatrically healthy volunteers. These differences became
statistically insignificant, however, after controlling for ethnic differences in
skinfold thickness and the ratio of actual to ideal body weight, suggesting
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that ethnic differences may be secondary to differences in the percentage of
body fat.

Lin et al. (1988) studied plasma alprazolam concentrations in 14 American-
born Asian, 14 foreign-born Asian, and 14 Caucasian healthy male volunteers.
Both Asian groups had greater AUCs and peak plasma concentrations and
lower total plasma clearance than did the Caucasian group, after both oral and
intravenous administration of alprazolam. Pharmacodynamically, the only
significant difference was that foreign-born Asians experienced more sedation
compared with both Caucasian and American-born Asian subjects. In a more
recent study, Ajir et al. (1997) also reported that Asians had higher maximum
serum concentrations, larger AUCs, and lower clearance of both adinazolam
and its major active metabolite than did their Caucasian and African American
counterparts. Together, the findings support the concept that Asian patients
require smaller doses of adinazolam than do Caucasian patients to achieve
similar levels of the parent drug and its metabolite.

Similar to Asians, African Americans have been found to have slower clear-
ance of the benzodiazepines. Furthermore, many studies have reported that
African Americans have greater cognitive effects and more anxiety reduction
from the benzodiazepines when compared to Caucasians on the same dose of
medications. In a study by Ajir et al. (1997), African Americans were found to
have increased clearance of adinazolam. However, the AUC of its metabolite
N-desmethyladinazolam was found to be higher in African Americans and
may be responsible for the larger drug effects on African Americans in terms
of adverse effects such as slower psychomotor performance, despite the higher
metabolic capacity for adinazolam in this ethnic group.

In terms of the ethnic response to benzodiazepines in Hispanics, studies
have implicated the important role of dietary effect. When Mexican subjects
were fed a corn-rich diet, the metabolism of nifedipine by 3A4 appears to be
reduced (Palma-Aguirre et al. 1994). Many studies suggest that the flavonoid
quercetin is effective at inhibiting the intestinal agglomeration of CYP3A4.
Corn is rich in quercetin and is a dietary staple for Hispanics. Importantly,
many benzodiazepines such as alprazolam, midazolam, and triazolam are
all metabolized by CYP3A4, and their use in Hispanics should be downwardly
adjusted with caution to take into account the dietary effect on CYP3A4 activity.
Similar considerations may apply for citrus-loving Hispanics, since flavonoid
naringin found in grapefruit juice is a powerful inhibitor of CYP3A4.

3.2
Tricyclic Antidepressants

Imipramine, a TCA, was the first pharmacological agent noted to treat panic
disorder (Klein 1964). Other TCAs, notably clomipramine, have also been
found to have significant anxiolytic properties (den Boer et al. 1990; Modigh
1992). Studies of ethnic differences in the pharmacokinetics of the TCAs in
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Asian Americans have led to inconclusive results. Of six studies comparing
Asians with Caucasians, three revealed that Asians metabolize TCAs signif-
icantly slower than their Caucasian counterparts; however, the differences
observed in the other three studies did not reach statistical significance, par-
ticularly after controlling for body weight (Kishimoto 1984; Rudorfer 1984;
Schneider 1991). Other studies also did not find significant differences in
the pharmacokinetics of nortriptyline between Mexican Americans and Cau-
casians. Pharmacodynamically, results from two clinical studies in Asia indi-
cated that severely depressed hospitalized Asian patients responded clinically
to lower combined concentrations of imipramine and desipramine (130 ng/ml)
than studies previously reported on North American and European patients
(180–200 ng/ml). These results suggest that differential brain receptor respon-
sivitymight alsoplaya role indeterminingethnicdifferences in tricyclicdosage
requirement (Hu 1983; Yang 1985).

Systematic investigations examining the psychopharmacologic responses
to TCAs in African Americans suggest significant differences in the pharma-
cokinetics between African Americans and Euro-Americans. The differential
effects of chlorpromazine hydrochloride and imipramine hydrochloride were
studied in 159 African American and 555 Euro-American inpatients. Standard
psychometric scales were used to assess the symptoms and the responses to the
medications administered. The results suggested that African American men
showed more rapid improvement and that they were therapeutically more re-
sponsive to imipramine (Raskin et al. 1975). The high rate of CYP2D6*17 in
African Americans might be responsible for the higher plasma levels of TCAs
and the more rapid improvement and the overall greater clinical efficacy. In
a study of outpatients from Tanzania, the patients responded to clomipramine
hydrochloride in much lower doses than those recommended in Western text-
books. At the low-to-moderate dose of 125 mg of clomipramine hydrochlo-
ride, drowsiness and tremulousness were notable (Kilonzo 1994). Overall, most
studies indicate that African Americans treated with TCAs have higher plasma
levels per dose, more adverse effects with equivalent plasma levels, and earlier
onset of action (Strickland et al. 1997). Obtaining plasma TCA levels may be
a helpful adjunct to clinical interview in identifying poor metabolizers and in
determining when an adequate dose is being used, as well as in ascertaining
whether there has been an adequate trial of the medication. Monitoring the
electrocardiograms in African American patients receiving TCAs may be of
particular importance because of their tendency to have higher plasma levels
and therefore, they may be more sensitive to the adverse cardiotoxic effects.

3.3
Selective Serotonin Reuptake Inhibitors

Several SSRIs have been FDA approved for one or more specific anxiety diag-
noses [e.g., paroxetine for social anxiety, generalized anxiety disorder (GAD)
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and posttraumatic stress disorder (PTSD); sertraline for obsessive–compulsive
disorder (OCD) and PTSD]. In clinical practice, the SSRIs have become the
“first-line” treatment for panic disorder because of their overall safety and
tolerability, their safety in overdose, and their low potential for addiction and
withdrawal.

A review on the metabolism of SSRIs by Preskorn revealed a substantial
inhibitory effect on the P450 isoenzyme system CYP2D6, with Prozac also
inhibiting CYP3A4 (Preskorn 1994). Furthermore, as discussed previously,
functionally significant genetic polymorphisms exist in most of the CYPs,
especially CYP2D6, that metabolize most of the SSRIs including fluoxetine,
paroxetine, and sertraline. CYP2D6*4 (CYP2D6B) leads to the production of
defective proteins and is found in 25% of Caucasians but is rarely identified
in other ethnic groups. This mutation is mainly responsible for the high per-
centage of poor metabolizers among Caucasians (5%–9%) who are sensitive to
drugs metabolized by CYP2D6 (Ruiz 2000). A high frequency of CYP2D6*17
in African Americans and of CYP2D6*10 in Asian Americans was found to
be associated with lower enzyme activities and slower metabolism of CYP2D6
substrates and may be responsible in part for the slower pharmacokinetic pro-
files and lower dose ranges observed in Asians with regard to the SSRIs (Lin
and Poland 1995). CYP2D6 also is unique in that the gene is often duplicated,
resulting in faster enzyme activity for individuals possessing these duplicated
genes. It is estimated that 29% of Ethiopians may have this genotype and are
superextensive metabolizers of substrates of CYP2D6. All in all, information
on the ethnic variations in the metabolism of the SSRIs should be considered
when clinicians use SSRIs to treat anxiety disorders in patients of different
ethnic origin to account for the potential differential rates of metabolism and
adjust the dose of medications to minimize side effects or adverse drug–drug
interactions.

3.4
Monoamine Oxidase Inhibitors

Monoamine oxidase inhibitors (MAOIs) have been shown to be effective in the
treatment of anxiety disorders such as social anxiety and panic disorder. In
a 12-week, placebo-controlled trial of patients with panic disorder, Sheehan
and colleagues reported that phenelzine (45 mg/day) was better than placebo;
however, higher doses of the MAOI (e.g., 60–90 mg/day) may be more effective
(Sheehan 1980; Buiges1987). Because of the potential risk of a hypertensive
crisis with a tyramine-containing diet, the MAOIs have grown less in favor
with clinicians, especially since the advent of the SSRIs. MAOIs, however, re-
main clinically effective agents in the treatment of atypical depression and
anxiety disorders, and therefore their metabolism by patients of different eth-
nic origin remains an important topic of research. MAOIs are predominantly
metabolized by CYP2C19 (Bezchlibnzyk-Buler and Jeffries 1999). Its pharma-
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cokinetic properties are significant for auto-inhibition or metabolite-induced
inhibition. Thus, clearance at higher dosages is decreased and caution should
be exercised when prescribing these agents at higher dosages. Pharmacoge-
netic findings suggest a higher percentage of Asian Americans and African
Americans are poor metabolizers of CYP2C19 substrates. Pharmacokinetics
and pharmacodynamics studies with MAOIs are scarce with respect to poten-
tial variations in ethnic groups and may offer further information on the use
of these agents in safer and clinically more effective fashions.

3.5
β-Adrenergic Blocking Agents

Investigations into the use of noradrenergic agents as anxiolytics were first
directed toward their use in anxious musical performers. β-Blockers such as
propranolol were found to be useful in alleviating symptoms of anxiety (e.g.,
palpitations, sweating). Years later, clonidine was shown by Gold et al. (1978)
to be effective in blocking physiological symptoms associated with opioid
withdrawal. Although not found to be effective in blocking panic, agents such
as propranolol, atenolol, and nadolol have been found to be useful when used
adjunctively with other agents in reducing symptoms of autonomic arousal
associated with panic and social anxiety (Rosenbaum et al. 1998). Importantly,
propranolol is metabolized primarily by CYP2D6 and should probably be used
in lower dosages in Asians who are slower metabolizers of CYP2D6 substrates.

In addition to pharmacokinetics, differences in receptor sensitivity between
Asians and Caucasians also have been demonstrated, rendering the former
even more susceptible to the side effects of propranolol (Zhou et al. 1992).

3.6
Buspirone

Buspirone, marketed as Buspar, a nonbenzodiazepine and generally nonsedat-
ing anxiolytic, was the first prominent anxiolytic introduced after the benzo-
diazepines. Its antianxiety effects are believed to be secondary to its acting as
a partial agonist of the 5-HT1A receptor. Buspirone is as effective as diazepam
and superior to placebo in double-blind trials involving anxious outpatients
(Schatzberg et al. 2003). The parent drug is metabolized by CYP3A4 while its
metabolite is metabolized by CYP2D6. Important drug–drug interactions with
buspirone include agents that may inhibit CYP3A4 and 2D6. Agents such as the
antifungal Itraconazole, calcium channel blockers, verapamil, and diltiazem
can all potentially increase plasma buspirone level several fold by inhibiting
CYP3A4 activity and may result in increased incidents of undesirable side ef-
fects with buspirone. Reports of serotonin syndrome, euphoria, seizures, or
dystonia have also been found in cases where buspirone was combined with
fluoxetine, fluvoxamine, and MAOIs (Bezchlibnyk-Buler and Jeffries 1999).
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Furthermore, as already discussed, important ethnic variations exist in the
metabolic activity of both CYP3A4 and 2D6 and caution is needed when ad-
ministering buspirone to Asians who are more likely to be slow metabolizers of
CYP2D6 substrates and may also be on other medications that further inhibit
CYP2D6 activity.

4
Conclusion

This chapter provides a brief discussion on pharmacogenetics as it relates to
the ethnic variations in drug responses in the treatment of anxiety disorders.
Anxiety disorders are common and can be debilitating. Fortunately, many
medications are available to help manage the symptoms of anxiety. The field
of pharmacogenetics and the study of ethnic variations in drug response are
important. Research in these areas is helping to build a foundation of knowl-
edge. However, it still behooves the clinicians prescribing these medications
to actually utilize what is known about the pharmacokinetics and pharma-
codynamics of these agents in order to maximize treatment response while
minimizing side effects.
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Abstract In psychiatry, the use of pharmacological challenges in panic disorder is unique
in that the clinical phenomenon of central interest (i.e., the panic attack) can be provoked
readily and assessed in the clinical laboratory setting. During the past 20 years pharma-
cological challenge studies have increased our knowledge concerning the neurobiology of
panic disorder remarkably and may ultimately result in novel and more causal treatment
strategies. Moreover, the differences in sensitivity to certain panicogens such as serotoner-
gic agents, lactate, carbon dioxide and cholecystokinin tetrapeptide are likely to 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 endophenotypes is currently one of the major
rate-limiting steps in psychiatric genetic studies.

Keywords Anxiety · Panic disorder · Challenge · Lactate · CCK · CCK-4 · Yohimbine ·
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1
Introduction

In medicine, diagnostic symptom provocation has a long-lasting tradition;
in diagnosing gestational diabetes, for example, physicians primarily depend
upon the results of the oral glucose tolerance test. Similarly, in cardiovascular
medicine, exercise ECG testing is used for the diagnosis of ischemic heart
disease. One of the main stimuli of biological research in the etiology of panic
disorder has been a series of observations that a number of agents can provoke
panic attacks in predisposed subjects (Table 1).

The pharmacological challenge strategy involves administering a test agent
under carefully controlled conditions to elucidate some aspect of biological or
behavioral function in the organism studied. In psychiatry, the use of pharma-
cological challenges inpanicdisorder isunique in that theclinicalphenomenon
of central interest (i.e., the panic attack) can be provoked readily and assessed
in the clinical laboratory setting. Uses of this approach allow for (1) the gen-
eration and testing of hypotheses regarding the underlying neurobiology of
the disorder, (2) the identification of pathophysiologically distinct diagnostic
subtypes, (3) the delineation of the effects and mechanisms of action of var-
ious treatments, (4) the study of new treatment approaches, and (5) clinical
applications as a diagnostic test, as a means of assessing treatment adequacy
and as part of cognitive-behavioral therapy (Table 2). For a variety of rea-
sons, in the case of panic attacks, clinically relevant neurobiological processes
are otherwise difficult to study. Despite the fact that several experimental an-
imal models of panic attacks have been developed, these vary markedly in
the extent to which they meet criteria for face, predictive, and construct va-
lidity (Blanchard et al. 2001; Griebel et al. 1996). The promise of the human
challenge paradigm for elucidating pathophysiology, therefore, is still most
exciting (Coplan and Klein 1996; Wiedemann et al. 2001; Ströhle et al. 2003).

Table 1 Experimentally induced panic attacks

Provocation Mechanism Respiration HPA

Lactate pH, pCO2 ⇑ =

CO2 pCO2 ⇑ =

CCK-4 CCKB receptor ⇑ ⇑ =

mCPP, fenfluramine 5-HT receptor = ⇑
Yohimbine α2 receptor = ⇑
Inverse BZD agonist GABAA receptor = ⇑
BZD, benzodiazepine; CCK, cholecystokinin; mCPP, m-chlorophenyl-
piperazine.
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Table 2 Sensitivity to treatment of experimentally induced panic attacks

TCA SSRI BZD CBT

Lactate + +/− + +

CO2 + + + ?

CCK-4 + + + ?

Yohimbine − + + ?

+/−, Conflicting results (i.e., evidence is equivocal);
?, not investigated sufficiently; BZD, benzodiazepines;
CBT, cognitive-behavioral therapy; SSRI, selective sero-
tonin reuptake inhibitors; TCA, tricyclic antidepressants.

1.1
Signaling Pathways

The acute pharmacological effects of psychotropic medications support the
hypothesis that specific neurotransmitter systems may be directly involved in
the onset, maintenance, and progression of the illness. Several major trans-
mitter systems have been implicated in the pathophysiology of panic disorder,
including noradrenergic, serotonergic, and γ-aminobutyric acid (GABA)-ergic
neuronal circuitries. The ultimate common mechanism of action for this het-
erogeneous group of agents may, at least in part, be the attenuation of activ-
ity of the anxiety-modulating neuropeptides corticotropin releasing hormone
(CRH) and vasopressin (AVP) at both hypothalamic and extrahypothalamic
sites, where they serve an important function as neurotransmitters and neu-
romodulators (Keck and Holsboer 2001).

Much of the investigation into the function of these systems in panic has
utilized physiological and pharmacological challenges to elicit panic reactions.
Among the substances successfully used to evoke panic attacks in patients
suffering from panic disorder or in healthy controls are sodium lactate, inhaled
carbon dioxide (CO2), isoproterenol, yohimbine, m-chlorophenylpiperazine
(mCPP), fenfluramine, and cholecystokinin (CCK) agonists (Table 1; Coplan
and Klein 1996). The success of such a diverse group of agents in eliciting
panic attacks suggests a low threshold for the triggering of panic pathways by
a variety of mechanisms that ultimately may lead to a final common pathway.

2
Noradrenergic/Adrenergic Challenges

In animal experiments, stimulation of the locus coeruleus, a collection of
noradrenalin-producing neurons located bilaterally in the pons area with
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extensive projection sites, produces fear responses resembling those when
animals are threatened by a predator (e.g., Redmond 1981). Studies of no-
radrenergic neurotransmission in panic disorder have principally relied on
pharmacological challenge paradigms using the imidazoline derivative cloni-
dine, an α2-agonist, and yohimbine, an indole alkaloid with α2-antagonist
properties. The α2-autoreceptor mechanism, which regulates firing of the no-
radrenergic neuron by mediating negative feedback inhibition, is interrupted
by α2-antagonists, whereas α2-agonists, such as the centrally acting antihy-
pertensive drug clonidine, enhance negative feedback. The latter, therefore,
reduces noradrenergic firing and diminishes anxiety, at least on a temporary
basis. Yohimbine administration, in turn, was repeatedly shown to produce
panic attacks in patients with panic disorder (e.g., Charney and Heninger 1986;
Abelson et al. 1992; Uhde et al. 1992). The relative prefrontal cortical blood
flow was found to be decreased in panic disorder patients relative to control
subjects following yohimbine challenge as measured with single photon emis-
sion tomography (SPECT) (Table 1; Woods et al. 1988b). Phenomenologically,
however, yohimbine does not produce a panic attack that is identical to nat-
urally occurring episodes or attacks provoked by other agents such as, e.g.,
sodium lactate. Intriguingly, long-term treatment with the antidepressant and
antipanic agent imipramine, which significantly affects noradrenergic neu-
rotransmission, does not attenuate yohimbine-induced panic attacks, as do
alprazolam and the selective serotonin reuptake inhibitor (SSRI) fluvoxamine
(Charney and Heninger 1985; Goddard et al. 1993).

Clonidine normally stimulates the hypothalamic release of growth hormone
through α2-agonism. The growth hormone release in panic patients, however,
was found to be diminished, which could reflect downregulation of postsy-
naptic α2-receptors in response to chronic noradrenergic discharge (e.g., Nutt
et al. 1992). In addition, several studies indicated that the degree of blood pres-
sure decrease, cortisol secretion, and noradrenergic turnover, as measured
by plasma 3-methoxy-4-hydroxyphenylglycol (MHPG) concentrations, regu-
larly induced by clonidine administration, was exaggerated in panic disorder
(e.g., Charney et al. 1992; Uhde et al. 1986; Coplan et al. 1997a,b). Altered α2-
adrenoceptor sensitivity is also evidenced by findings that yohimbine produces
exaggerated cardiovascular responses, enhanced plasma MHPG, and cortisol
increases in panic disorder patients relative to control subjects (Cameron et al.
2000; Yeragani et al. 1992).

Taken together, panic patients consistently display altered responses to
both α2-adrenoceptor agonists and antagonists, suggesting that the noradren-
ergic system may be dysregulated. In this context it is of interest to note that
the hypothalamic–pituitary–adrenocortical (HPA) axis and the noradrenergic
systemareclosely interrelatedandappear towork insynchrony. In thehypotha-
lamic paraventricular nucleus, noradrenergic terminals originating from the
locus coeruleus not only synapse onto growth hormone-containing neurons
but also on CRH neurons, leading to the release of these neuropeptides. On the
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other hand, the locus coeruleus is known to be richly innervated with CRH im-
munoreactive fibers (Valentino et al. 1993). Stress- or CRH-induced increases
in locus coeruleus neuronal firing are blocked by CRH receptor antagonists
and chronic antidepressant treatment (e.g., Valentino et al. 1990; Schulz et al.
1996), suggesting that anxiogenic effects of CRH are mediated through its
actions on the locus coeruleus noradrenergic system (Butler et al. 1990).

Adrenaline (or epinephrine) as an endogenous amine does not penetrate
the blood–brain barrier and produces peripheral symptoms of arousal. Anxi-
ety during adrenaline provocation is therefore unlikely to result from a central
neurochemical mechanism. Consequently, anxiogenic effects of peripherally
acting sympathomimetics are assumed to be mediated by secondary cogni-
tive interpretation (Nutt and Lawson 1992). Adrenaline, therefore, has been
suggested as a suitable agent to test psychological panic models, i.e., fear of
stress-related bodily symptoms and anticipatory anxiety (e.g., Reiss 1991). The
available data, however, are sparse and controversial, and it has been concluded
that cognitive factors are not of major importance in explaining adrenaline’s
panicogenic properties (Veltman et al. 1996).

Isoproterenol, a synthetic sympathomimetic amine acting selectively at
both β1- and β2-adrenoceptors, is also able to induce panic attacks in a subset
of patients suffering from panic disorder. There is, however, a discrepancy
in the findings, and the reliability and mechanisms of isoproterenol-induced
panic remain to be clarified. It should also be emphasized that isoproterenol
is not able to cross the blood–brain barrier.

3
Serotonergic Challenges

Despite the fact that the serotonergic system is a major area of focus for panic
disorder, evidence for an etiological role of serotonergic dysfunction in panic
disorder still remains to be clarified. This particular area of focus, however,
has been directly stimulated by the uniform and superior antipanic effects of
the SSRIs (e.g., Boyer 1995). Serotonin (5-hydroxytryptamin, 5-HT), however,
has been implicated in almost every conceivable physiologic or behavioral
function, and most drugs currently used for the treatment of psychiatric dis-
orders are thought to act, at least partially, through serotonergic mechanisms.
From the approximately 15 serotonin receptors discovered so far, inadequate
5-HT1A receptor function is considered to further anxiety and avoidant be-
havior (Deakin 1996; Lucki et al. 1996; Parks et al. 1998). The somatodendritic
autoreceptors of serotonergic neurons in both the dorsal raphé nucleus and
the nucleus raphé magnus appear to be predominantly of the 5-HT1A subtype.
A variety of drugs with 5-HT1A selectivity such as the anxiolytics buspirone
and ipsapirone share the ability to inhibit raphé cell firing (e.g., Pan et al. 1993).
Dense concentrations of 5-HT1A binding sites are also found in the hippocam-
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pal pyramidal cell layer and the cerebral cortex (Miquel et al. 1991). Activation
of the HPA system during panic and anxiety is also likely to contribute to an
altered serotonergic neurotransmission, as it is known that glucocorticoids
disrupt hippocampal 5-HT1A neurotransmission by uncoupling the 5-HT1A
receptor from its intracellular G protein messenger system (Lesch and Lerer
1991). Moreover, corticosteroids are well known to play an inhibitory role
in 5-HT1A mRNA and protein expression (for review, Chaouloff 1995). Other
serotonin receptors potentially involved in anxiety include the 5-HT2A, 5-HT2C,
and 5-HT3 receptors, and it has been suggested that 5-HT1A and 5-HT2A re-
ceptors may play reciprocal roles in mediating anxiety (Lucki et al. 1996). It
has been hypothesized that the serotonergic innervation of both the amygdala
and the hippocampus mediates anxiogenic effects by 5-HT2A receptor stim-
ulation, whereas serotonergic innervation of hippocampal 5-HT1A receptors
suppresses the association of a conditioned stimulus with an unconditioned
stimulus and provides resilience to aversive events (Graeff et al. 1993).

Studies of 5-HT neurotransmission in panic disorder have principally em-
ployed the mixed serotonin agonist–antagonist mCPP and the indirect sero-
tonin agonist fenfluramine (Table 1). mCPP has complex effects on brain 5-HT
systems: it appears to act as an agonist at the 5-HT1C and 5-HT1A receptors,
whereas effects at the 5-HT3 receptor seem primarily antagonistic. Mixed ag-
onist and antagonist activity has been found at the 5-HT2 site (e.g., Kahn et al.
1991). 5-HT-releasing properties and binding to α2-adrenergic sites have also
been reported. Fenfluramine, a phenylethylamine derivative, potently releases
presynaptic 5-HT and inhibits 5-HT reuptake, with weaker action as a postsy-
naptic 5-HT agonist. In neuroimaging studies, cerebral blood flow significantly
increased in the anterior cingulate cortex in healthy subjects but not in sub-
jects with panic disorder during fenfluramine challenge (Meyer et al. 2000).
Patients with panic disorder have demonstrated increased rates of anxiety, but
not necessarily overt panic attacks, in response to these agents (e.g., Hollander
et al. 1990; Targum et al. 1992; Wetzler et al. 1996). The enhanced responsiv-
ity to serotonin-releasing agents raises the possibility of postsynaptic 5-HT
hypersensitivity in panic disorder due to chronically decreased serotonergic
neurotransmission. The complex pharmacology of the agents used, however,
makes it difficult to draw conclusions about specific abnormalities within the
5-HT system. Ipsapirone, an azapirone derivative, acts selectively as full agonist
at presynaptic 5-HT1A autoreceptors and as a partial agonist at postsynaptic
5-HT1A sites. In panic disorder patients, corticotropin (ACTH), cortisol, and
hypothermic responses were blunted but anxiety responses did not differ from
controls (Lesch et al. 1991). These findings support some role of 5-HT1A recep-
tors in the pathogenesis of panic disorder (Lesch et al. 1992). It has to be noted,
however, that treatment with the 5-HT1A partial agonist buspirone has proved
effective in generalized anxiety disorder but not in panic disorder (DeMartinis
et al. 2000; Sheehan et al. 1993).



Challenge Studies in Anxiety Disorders 455

Serotonin-precursor loading, i.e., administration of l-tryptophan or l-
hydroxytryptophan, is not anxiogenic either in panic patients nor in healthy
volunteers (Charney and Heninger 1986; Westenberg and Den Boer 1989; van
Vliet et al. 1996). The discrepancy of these studies with the mCPP and fen-
fluramine findings may be due to differential receptor subtype activation or
to presynaptic effects of the precursors. Moreover, although the effects of in-
travenous l-tryptophan are believed to result from the central synthesis and
release of 5-HT, other mechanisms, such as, e.g., decreased availability of
tyrosine for dopamine synthesis, might also be involved (Price et al. 1995).
Tryptophan depletion by giving a tryptophan-free amino acid mixture pre-
ceded by a 24-h low tryptophan diet did not prove anxiogenic in unmedicated
panic disorder study subjects (Goddard et al. 1994; but see also Sect. 6 for
a combination with CO2 challenge).

Taken together, so far, pharmacologic challenge studies involving 5-HT have
been similarly unable to establish a primary role for 5-HT in the pathophysi-
ology in panic disorder (Charney and Drevets 2002).

4
Lactate Infusion Challenge

Sodium lactate infusion studies constitute the largest single body of pharma-
cological challenge research with robust and reproducible findings (Table 1).
Due to a paucity of relevant preclinical data, however, the mechanisms under-
lying lactate-induced panic are still unclear. The limited information provided
on neuronal pathways influenced by this provocation test therefore limits its
value in elucidating the pathophysiology of anxiety disorders. It is important to
note that, as with all challenge paradigms, only a certain percentage of patients
suffering from panic disorder are lactate sensitive (approx. 60%–80%).

An analysis of data from sodium lactate studies revealed that self-reported
fear, high cortisol levels, and low partial pressure of CO2, due to hyperventi-
lation prior to lactate infusion, were the strongest predictors of panic (Coplan
et al. 1998a). These findings raise the possibility that a particular biological and
emotional state sets the stage for theoccurrenceof apanic attack inpredisposed
subjects. Moreover, the individual components of the triad (fear, cortisol, CO2)
were found to be correlated, suggesting the activation of a putative common
neural substrate (Coplan et al. 1998a). This is consistent with central amyg-
dalar activation affecting changes in cortical areas (cognitive misappraisal),
the hypothalamic paraventricular nucleus (HPA system activation), and the
pontine parabrachial nucleus, implicated in fear-driven hyperventilation (e.g.,
Davis et al. 1986).

Intriguingly, although living through a panic attack represents an intense
stressor, most spontaneous clinical panic attacks as well as those induced
by lactate, CO2, and bicarbonate show no HPA activation (Levin et al. 1987;
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Hollander et al. 1989; Woods et al. 1988a; Kellner et al. 1998). In general,
in most studies cortisol elevation in patients with panic disorder is reliably
observed only during the anticipation of panic attacks (Coplan et al. 1998a), not
during the attacks themselves. As the anxiolytic neuropeptide atrial natriuretic
peptide (ANP) has been demonstrated to inhibit the stimulated HPA system
(Kellner et al. 1992; Ströhle et al. 1998) and as this peptide is released in
response to infusion of sodium lactate (Kellner et al. 1995), this might in
part explain the observed quiescence of the peripheral HPA system. In line
with this, central CRH neuropeptidergic circuits other than those driving
the peripherally accessible HPA system may well be overactive and could be
therapeutic targetsof antagonist actions inpanicdisorder (for review,Holsboer
2003). Sympathetic responses during the panicogenic challenge with sodium
lactate are also absent, which again can be explained by an inhibitory action
of elevated plasma ANP concentrations (Seier et al. 1997).

Lactate is metabolized to bicarbonate, resulting in a peripheral metabolic
alkalosis, and bicarbonate in turn is metabolized to CO2, which stimulates
both medullary chemoreceptors and the locus coeruleus, causing panic in vul-
nerable individuals. It has been suggested therefore that panic patients have
enhancedsensitivityof ventralmedullary chemoreceptors tofluctuations inpH
and that panic attacks would result from the chemoreceptors’ misperception
of life-threatening central hypoxia and acidosis secondary to cerebrovascular
vasoconstriction due to lactate-induced peripheral metabolic alkalosis (Carr
and Sheehan 1984). Consistent with the assumption of locus coeruleus stim-
ulation is the finding that clonidine partially attenuates lactate-induced panic
(Charney et al. 1992). A comprehensive theory suggests that both CO2 (see
Sect. 6 and lactate induce panic by triggering a suffocation false alarm in sus-
ceptible individuals with a hypersensitive suffocation detector (Klein 1993).
According to this hypothesis, a physiological misinterpretation by a suffocation
monitor misfires an evolved suffocation alarm system. This produces sudden
respiratory distress followed swiftly by a brief hyperventilation, panic, and the
urge to flee. Lactate administered during sleep provokes greater fluctuations
in cardiac and respiratory activity in panic-prone subjects than normal con-
trols (Koenigsberg et al. 1994). The finding, therefore, cannot be attributed to
anticipatory anxiety.

By use of both the sodium lactate and the CCK-4 (see Sect. 5) challenge
paradigms it could be shown that panic attacks elicited significant decreases in
plasma concentrations of the neuroactive steroids allopregnanolone (3α,5α-
tetrahydroprogesterone) and pregnanolone (3α,5β-tetrahydroprogesterone)
(Ströhle et al. 2003). These findings are comparable with a decreased GABA-
ergic tone, as neuroactive steroids, i.e., derivatives of progesterone, are potent
positive allosteric GABAA-receptor modulators, which alter neuronal excitabil-
ity through rapid nongenomic effects at the cell surface (for review, Rupprecht
and Holsboer 1999). The association between changes in plasma neuroac-
tive steroid concentrations with experimentally induced panic attacks and the



Challenge Studies in Anxiety Disorders 457

well-documented pharmacological properties of these compounds as GABAA
receptor modulators suggest that neuroactive steroids may play an important
role in the pathophysiology of panic attacks in patients with panic disorder. Be-
cause long-term antidepressant drug treatment has been shown to influence
the composition of neuroactive steroids contrary to panic-induced changes
(Romeo et al. 1998; Uzunova et al. 1998; Ströhle et al. 1999, 2000), the antipanic
efficacy of antidepressants in the treatment of panic disorder may in part be
mediated by stabilizing the equilibrium of endogenous neuroactive steroid
concentrations.

Positron emission tomography (PET) studies with a 15O-labeled tracer
demonstrated that patients with panic disorder, who were vulnerable to lac-
tate at baseline, had abnormally greater right than left parahippocampal blood
flow, blood volume, and oxygen metabolism, as well as an abnormally high
whole-brain metabolism (Reiman et al. 1986). In a follow-up study using
18F-fluorodeoxyglucose, significant differences in glucose metabolism were
found. However, the left parahippocampal areas had higher rates of glucose
metabolism. In addition, low glucose metabolism was found in the right infe-
rior parietal and right superior temporal brain regions (Bisaga et al. 1998).

It is of interest to note that in a small open trial, six patients with panic dis-
order who had panicked during sodium lactate infusion were given cognitive-
behavioral treatment for 12–24 weeks. After treatment they underwent another
lactate infusion, and four patients were rated as having no panic. As similar
results can be obtained also after treatment with antidepressant drugs and
benzodiazepines, these findings suggest that reduced vulnerability to lactate
accompanies remission of panic (Shear et al. 1991).

5
Cholecystokinin Tetrapeptide Challenge

The neuropeptide CCK is an octapeptide found regionally in the gastrointesti-
nal tract and brain (brain-gut peptide), where it acts as a neurotransmitter and
neuromodulator. Its most abundant form in the brain is the C-terminal sul-
fated octapeptide fragment CCK-8, which interacts with the same affinity with
both CCK receptor subtypes CCK-A and CCK-B. Extensive pharmacological
studies have been carried out during the past few years suggesting that CCK
may participate in the neuroendocrine responses to stress (e.g., Harro et al.
1993; Daugé and Léna 1998).

Together with CRH, CCK belongs to the most extensively studied neuropep-
tides in anxiety models. Generally, CCK is thought to induce anxiogenic-like
effects, although the results of those animal studies have been highly variable
and sometimes contradictory (Griebel 1999). The heterogeneity of behav-
ioral responses produced by CCK can further be explained by the fact that
the neuropeptide has been infused in different brain areas in order to delin-
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eate the anatomical substrate of CCK-induced anxiogenic-like effects. Local
administration of CCK-8 directly into the amygdala, for example, produced
hyper-anxiety (Frankland et al. 1997). This was not the case when CCK-8 was
infused into the anterior nucleus accumbens (Daugé et al. 1990), suggesting
that regional differences in CCK receptors are probably responsible for this
discrepancy. As has recently been shown in CCK receptor gene knockout mice,
however, the role of the receptor subtypes in anxiety-related behavior is still
controversial (Miyasaka et al. 2002).

CCK-8 concentrations were found to be lower in panic patients than in
normal control subjects (Brambilla et al. 1993), and the CCK-B receptors were
hypersensitive in panic disorders (Akiyoshi et al. 1996). A significant associa-
tion between panic disorder and a single nucleotide polymorphism found in
the coding region of the CCK-B receptor gene has been reported (Kennedy et al.
1999). If confirmed by replication, these data would suggest that a CCK-B re-
ceptor gene variation might be involved in the pathogenesis of panic disorder.
Clinical trials, however, have provided rather disappointing and inconclusive
data about the anxiolytic potential of the CCK-B antagonists available so far
(Kramer et al. 1995; Shlik et al. 1997; Pande et al. 1999).

CCK-B receptor agonists such as pentagastrin or CCK-4 (25–50 µg i.v.) have
panic-like anxiogenic effects in humans (Table 1). Panic patients and patients
suffering from posttraumatic stress disorder, however, are more sensitive than
healthycontrols to theanxiogenic effectsofCCK-4 (e.g.,DeMontignyet al. 1989;
Radu et al. 2002). Pretreatment with a CCK-B receptor antagonist is able to
reverse both the autonomic and anxiogenic effects of pentagastrin (Lines et al.
1995). The safety, reliability, and dose-dependence of the anxiogenic effects
of CCK-4 as well as the similarity of effect to naturalistic panic are strong,
rendering CCK-4 an attractive probe of anxiety. CCK-4-induced panic has
a characteristic physiological activation curve that only lasts about 2–3 min
(Bradwejn et al. 1995). Like sodium lactate-induced panic, CCK-4-induced
attacks are accompanied by hyperventilation. Increases in regional cerebral
blood flow as measured by PET scans have been described in the claustrum-
insular, hypothalamic, amygdala, cerebellar vermis, and the anterior cingulate
regions during CCK-4-induced panic attacks in healthy subjects (Benkelfat
et al. 1995; Javanmard et al. 1999). Interestingly, as outlined above, CCK-4-
induced panic attacks induce significant decreases in plasma concentrations
of the neuroactive steroids allopregnanolone (3α, 5α-tetrahydroprogesterone)
and pregnanolone (3α,5β-tetrahydroprogesterone) (Ströhle et al. 2003). In
contrast to sodium lactate and CO2, CCK-4 induced panic is accompanied by
an increase in ACTH and it has been suggested therefore that CRH mediates
the panicogenic effects of CCK-4 (DeMontigny et al. 1989; Kellner et al. 1997;
Shlik et al. 1997; Koszycki et al. 1998; Ströhle et al. 2000).

Similar to sodium lactate- and CO2-induced panic, CCK-4-induced attacks
can be blocked by antipanic treatment with antidepressants (e.g., Bradwejn
and Koszycki 1994; Shlik et al. 1997) or benzodiazepines (DeMontigny et al.
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1989; Zwanzger et al. 2003). Administration of the neuropeptide ANP was
effective in reducing the CCK-4-elicited panic reaction in patients with panic
disorder and to a lesser extent in healthy controls. Moreover, ANP inhibited
the CCK-4-induced rise of ACTH in both patients and controls, which may be
attributed to a reduced hypothalamic CRH release (Jessop 1999; Wiedemann
et al. 2001). Interestingly, ACTH release in response to CCK-4 was found to be
blunted in patients when compared to healthy controls. This finding is possibly
due to a chronic hypersecretion of CRH with a subsequent downregulation of
CRH receptors in such patients (Wiedemann et al. 2001).

Among all panicogens, CCK-4 is the only one that fulfils the criteria for
a neurotransmitter/neuromodulator and that, unlike sodium lactate and CO2,
spares issues such as volume overload and acid base-mediated alterations.
Hence, it is likely that CCK-4 may be among the most suitable panicogenic
challenges.

6
Carbon Dioxide

Voluntary hyperventilation leading to hypocapnia [i.e., a low partial pressure
(p)CO2] can precipitate panic in panic disorder patients. Training habitual
hyperventilators to breathe appropriately has therapeutic benefits (Salkovskis
et al. 1986) but it has to be kept in mind that not all hyperventilators are anx-
ious (Bass and Gardner 1989). Hyperventilation, therefore, may rather be the
consequence, and not the cause, of panic. Although reducing pCO2 can trigger
panic, the role of CO2 is further complicated because increased pCO2 can evoke
panic as well: Hypercapnia via CO2 inhalation can induce panic attacks that
benzodiazepines are able to prevent (Woods et al. 1986; Gorman et al. 1988).
Thus, although hypocapnia and hypercapnia have different effects on, for ex-
ample, the cerebral circulation, they both cause anxiety-related symptoms.
Hypersensitivity to CO2 inhalation is one of the most widely studied labora-
tory markers of panic disorders, and many studies have clearly demonstrated
the ability of single- or double-vital capacity inhalations of gas mixtures with
varying concentrations of CO2 (5%–35%) (Table 1). Inhaling CO2 acts like
lactate to produce respiratory stimulation and provoke panic, perhaps related
to an altered and hypersensitive central suffocation detector (Klein 1993).

Anxiety reactivity to 35% CO2 inhalations has been reported not to be sig-
nificantly influenced by clinical characteristics of the disorder such as baseline
anxiety, frequency of panic attacks, severity of agoraphobia, duration of ill-
ness, and age (Perna et al. 1994). On the other hand, several studies suggest
a relevant role of genetic factors in 35% CO2-induced panic attacks, and it
has been concluded that CO2-induced panic might be considered a pheno-
typic expression of a genetic vulnerability to panic disorder even before the
clinical onset of panic disorder (e.g., Perna et al. 1995; Bellodi et al. 1999).
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CO2 hypersensitivity, therefore, might be the expression of impairment, under
genetic control, at some level of the respiratory system and may constitute
a promising trait marker (Coryell 1997). Treatment with antipanic agents sig-
nificantly modulates CO2 hypersensitivity in panic patients (e.g., Bertani et al.
1997; Perna et al. 1997) and the main neurotransmitters modulated by these
antipanic medications (i.e., serotonin, noradrenalin) have been reported to
influence respiration (Bonham 1995). Serotonergic system activation and α-
adrenoceptoror cholinergic-receptorblockade reduceCO2 sensitivity (Mueller
et al. 1982). It has been claimed therefore that the modulation of these neu-
rotransmitters plays a role in the pathogenetic mechanisms of panic disorder
(e.g., Coplan et al. 1992). It is of note that the inhibition of the panicogenic
effect of a 35% CO2 challenge may be used as a predictor for the antipanic
properties of a compound, as it has been shown that the reduction of reac-
tion to a 35% CO2 challenge after 1 week of treatment predicts a therapeutic
effect later on in treatment (Perna et al. 1997). Exaggerated responses to CO2
inhalation in subjects with panic disorder could be also modulated through
blockade of central muscarinic cholinergic receptors by pretreatment with
biperiden (Battaglia et al. 2001). Central cholinergic receptors are therefore
likely to contribute to an increased sensitivity to hypercapnia in predisposed
subjects.

Studies in which the availability of serotonin is manipulated in combina-
tion with a laboratory panic challenge has considerably increased insight into
the relationship between serotonin and panic disorder. Tryptophan depletion
caused an increased panic response to a 5% or 35% CO2 challenge in panic
disorder patients (Miller et al. 2000; Schruers et al. 2000). Conversely, panic
anxiety and symptoms, as well as the number of panic attacks following 35%
CO2 inhalation, were significantly reduced by pretreatment with the serotonin
precursor l-hydroxytryptophan, suggesting that under certain circumstances
serotonin may act to inhibit panic (Schruers et al. 2002).

Taken together, abundant research work describes associations between
respiratory perturbation and acute anxiety. This association has been demon-
strated most convincingly in panic disorder, where various forms of respira-
tory stimulation, including lactate infusion and CO2 inhalation, consistently
produce high degrees of anxiety and more pronounced perturbations in res-
piratory physiological parameters (Merikangas and Pine 2002). It is impor-
tant to note, however, that these associations may be extended beyond the
specific diagnosis of panic disorder, because enhanced sensitivity to respi-
ratory challenges is also found in conditions that exhibit strong familial or
phenomenological associations with panic disorder, including limited symp-
tom panic attacks, certain forms of situational phobias, and high ratings on
anxiety sensitivity scales (Schmidt et al. 1997). The mechanisms that con-
tribute to such enhanced sensitivity remain poorly specified. At a cognitive
level, such hypersensitivity might result from an overall sensitivity to so-
matic sensations, consistent with data linking high degrees of anxiety to future
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panic attacks (Schmidt et al. 1999). On the other hand, enhanced sensitiv-
ity to respiratory sensations appears more closely tied to panic attacks than
sensitivity to other somatic factors (Merikangas and Pine 2002). Therefore,
as outlined above, at the physiological level such hypersensitivity is likely to
result from perturbations in brain systems involved in respiratory regulation
(Klein 1993).

7
GABA–Benzodiazepine Receptor Complex

Excessive or inappropriate anxiety can be controlled by enhancing inhibitory
synaptic neurotransmission mediated by GABA using clinically effective ben-
zodiazepines. Beyond that long-standing clinical experience, the significance
of the GABA–benzodiazepine receptor complex in the mediation of anxiety
has been firmly established in preclinical literature (e.g., Löw et al. 2000). In-
verse agonists such as the β-carboline FG 7142 are anxiogenic and activate the
HPA system (Table 1; Dorow et al. 1983). These findings have made the GABA–
benzodiazepine receptor complex a subject of significant research interest.
In panic disorder patients, decreases in benzodiazepine binding were found
particularly in the orbitofrontal cortex and insula by use of 11C-flumazenil
PET (Malizia et al. 1998). Challenge studies aimed at characterizing puta-
tive alterations in benzodiazepine receptor sensitivity, however, have so far
led to conflicting results. Because flumazenil (a clinically well-known benzo-
diazepine antagonist with additional inverse agonistic and partial agonistic
effects) produced panic attacks in panic disorder patients but not in healthy
controls in one study, it has been concluded that a shift in the benzodiazepine
receptor set-point towards a pronounced inverse agonistic action of flumaze-
nil exists in panic patients or in a specific subgroup (Nutt et al. 1990). It has
been generalized therefore that benzodiazepine receptor functioning would be
shifted in panic patients so that antagonists are recognized as partial inverse
agonists. Other investigations, in contrast, failed to demonstrate anxiogenic
or panic-provoking effects of flumazenil in panic disorder patients. Moreover,
neither ACTH release nor cardiovascular parameters indicated that flumaze-
nil exerted an inverse agonistic activity in the patients studied (Ströhle et al.
1998, 1999). In conclusion, the hypothesized shift in the benzodiazepine re-
ceptor set point cannot be generalized to all patients with panic disorder.
Further studies are needed to clarify whether or not there is a subgroup of
patients with panic disorder characterized by a different response pattern to
flumazenil and an altered GABAA-benzodiazepine receptor complex function.
Moreover, the possibility exists that more subtle changes in GABAA recep-
tors such as, e.g., α2-subunit functioning, might be of clinical relevance (Löw
et al. 2000).
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8
Conclusion and Outlook

In summary, the pharmacological challenge studies have increased our knowl-
edge concerning the neurobiology of panic disorder remarkably and may fi-
nally result in novel and more causal treatment strategies such as, for example,
the use of neurosteroids or ANP (e.g., Wiedemann et al. 2001; Ströhle et al.
2003). With respect to the pathophysiological changes underlying laboratory-
induced panic, however, most findings—the vast majority, in fact—are far
from being satisfactorily explained. This most probably reflects the complex-
ity of the etiologic factors. 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 endophenotypes is currently one of the major rate-limiting steps in
psychiatric genetic studies (e.g., Smoller and Tsuang 1998).

The heterogeneity of agents capable of producing panic attacks in suscepti-
blepatients and the inconsistencyof autonomic responsesduringapanic attack
have led to the assumption that panic originates in an abnormally sensitive
fear network, which includes the prefrontal cortex, insula, thalamus, amyg-
dala, and amygdalar projections to the brainstem and hypothalamus (Gorman
et al. 2000). Substances that cause panic attacks act to provoke a sensitized
brain network that has been conditioned to respond to noxious stimuli. In
individual patients, or even subgroups of patients, various projections from
the central nucleus of the amygdala (i.e., the center of the hypersensitive net-
work) to brainstem sites, such as the locus coeruleus (blood pressure, heart
rate), periaqueductal gray region (defensive behavior), lateral nucleus of the
hypothalamus (sympathetic nervous system activation), and parabrachial nu-
cleus (respiratory rate), may be stronger or weaker resulting in differences in
the pattern of autonomic and neuroendocrine responses during panic (Gor-
man et al. 2000).
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Abstract The pharmacological treatment of anxiety has a long and chequered history, and
recent years have seen a rich development in the options available to prescribers. Most of
the currently used anxiolytic agents act via monoaminergic (chiefly serotonin) or amino
acid (GABA or glutamate) neurotransmitters, and this chapter describes the pharmacology
of the major drug groups. Clinical applications are discussed with respect to the five major
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anxiety disorders, as well as simple phobia and depression with concomitant anxiety.
Prospective future developments in the field are considered.

Keywords Pharmacology · Anxiety · GABA · Serotonin · Benzodiazepines · Antidepressants

1
Introduction

These are exciting times for physicians involved in the treatment of anxiety
disorders. Therapeutic options are increasing whilst the level of public interest
in the field has never been greater. Patients can equip themselves to be active
partners in the therapeutic process using the various available sources of med-
ical information. Longstanding controversies, such as the relative merits of
psychological therapies versus medication and the safety of long-term medical
treatments of anxiety, are debated in the national media. Perversely, at a time
when psychiatrists have more to offer their anxious patients than ever before,
the validity of their role is challenged from some quarters. Nevertheless, med-
ical practice is now based on a substantial volume of clinical experience and
evidence from controlled trials, and we can justify with confidence many of
the treatment options we put before our patients.

Since the publication of the work of Donald Klein (1964) that described the
discrimination of panic disorder from other neuroses, the diagnostic classifi-
cation of anxiety disorders has undergone a progressive evolution, with new
diagnostic categories emerging. Discrepancies remain between different clas-
sifications, with the accepted gold standard being the Diagnostic and Statistical
Manual of the American Psychiatric Association (DSM-IV 1994), but general
agreement has been reached for the diagnostic validity of the main categories.
This has allowed the quantitative measurement of anxiety disorders in epi-
demiological surveys (Kessler et al. 1994; Wittchen H-U et al. 1998), and the
demonstration of the prevalence and economic burden of anxiety has been
a key factor driving research into anxiolytic therapies.

The rapid development of the psychiatry of anxiety over the past 15 years has
been accelerated by developments in a diversity of other disciplines, including
cognitive and experimental psychology, preclinical and clinical pharmacology,
and neuroscience (particularly neuroimaging). Research from areas such as
genetics and molecular biology is only just beginning to have an impact. With
the current pace of scientific discovery, physicians can anticipate an increasing
range of effective and acceptable treatment options for anxiety disorders. This
chapter describes the state of clinical psychopharmacology for anxiety in 2005,
but may soon become out of date.
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2
Clinical Management of Anxiety

Optimal treatment of an anxious patient involves far more than the prescrip-
tion of medication (Fig. 1). The skill of the psychiatrist in establishing the

Fig. 1. Management of the anxious patient
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diagnosis of a specific anxiety disorder is an invaluable part of the assessment
process, as a correct diagnosis has a great influence on the treatment offered.
Anxiety disorders frequently present with comorbid conditions, particularly
depression, alcohol or substance use problems, and other anxiety disorders.
These must be detected and managed appropriately.

Patients tend to present when their anxiety impairs their occupational, so-
cial or domestic functioning, and identification of the key complaints and
motivations for seeking treatment is critical in drawing up an effective man-
agement plan. For example, a patient with generalized anxiety disorder (GAD)
may present because her resulting insomnia is impairing her ability to work;
management should include strategies to improve sleep efficiency as well as
treatment of the anxiety.

Education about the nature of anxiety helps engagement and improves
recovery. Models have been described for most anxiety disorders in both
the biological and psychological dimensions, and patients benefit from an
explanation, tailored to their level of understanding, in each dimension. This
can be reinforced by the use of educative literature (Dannon et al. 2002).
Patients should be encouraged to record and monitor their symptoms, as this
can improve treatment efficacy (Febbraro and Clum 1998).

Once a diagnosis has been made and explained to the patient, a treatment
plan should be negotiated. A range of biological and psychological treatments
may be suitable and should be put to the patient, who is offered an element
of choice alongside the recommendations of the physician. A combination of
drug and psychological therapies can be more effective than either alone (Bar-
low et al. 2000). The patient may have preconceptions about specific therapies,
often as a result of their anxiety, e.g. a patient with panic disorder fears the
effects of drugs and a patient with social anxiety baulks at the suggestion of
group therapy. An open discussion of benefits and adverse effects, including
long-term side-effects, is likely to improve compliance. Although medications
are generally well-tolerated, some side-effects commonly occur, and anxious
patients experience more than others (Davies et al. 2003). Progress with treat-
ment should be encouraged by regular review, particularly in the early stages.

3
Anxiolytic Drugs

The use of substances for their anxiolytic properties dates to the beginning
of recorded human history. The twentieth century saw a substantial develop-
ment of their use for medical purposes, and major progress was made in the
1990s, “the decade of anxiety”, as advances in neuroscience provided a basis
for the targeted design of new treatments. There is now a greater range of
drugs available that are better tolerated, although not necessarily more ef-
fective, than their predecessors. However, despite increased knowledge of the
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complex physiology of the brain, the actions of current pharmacotherapeutic
agents are moderated via a relatively small number of neurotransmitter sys-
tems, with the most important being the amino acid neurotransmitters (chiefly
γ-aminobutyric acid, GABA, but also glutamate) and the monoaminergic neu-
rotransmitters (serotonin, noradrenaline and to a lesser extent dopamine).

3.1
Drugs Acting via Amino Acid Neurotransmission

Glutamate is the major excitatory amino acid in the brain. It has a key role
in learning and memory and is involved in the mediation of the response to
stress. Glutamate receptors are present throughout the central nervous system
but differ widely according to their localisation and function (Kent et al. 2002),
and as a result have not been easy to identify as targets for pharmacological
manipulation.

GABA is formed by the decarboxylation of glutamate, and is the major
inhibitory neurotransmitter. In recent years the GABAA receptor has been
identified as the mediator of the anxiolytic and sedative effects of drugs such
as alcohol and the benzodiazepines. Abnormalities of this receptor have been
identified in humans with anxiety disorders (Nutt and Malizia 2001).

For much of the second half of the twentieth century the benzodiazepines
were the mainstay of the treatment of anxiety. Despite well-publicised concerns
about their long-term safety, they remain an important therapeutic option. The
anticonvulsants contain a number of drugs that act via GABA or glutamate
neurotransmission and have a limited but interesting role in the treatment of
particular anxiety disorders.

3.1.1
Benzodiazepines

The efficacy of benzodiazepines in most anxiety disorders has been proved
through extensive clinical experience and controlled trials (Faravelli et al.
2003), although it is important tonote that theyarenot effectiveat treatingpost-
traumatic stress disorder or comorbid depression, and there is less evidence
to support their use in obsessive–compulsive disorder (OCD). Their anxiolytic
effects have an immediate onset and in contrast to many other drugs, they do
not cause a worsening of anxiety when therapy is initiated.

3.1.1.1
Tolerability and Safety

Benzodiazepines are generally well-tolerated (Table 1), although side-effects
such as sedation, loss of balance and impaired psychomotor performance may
be problematic for some patients. There are reported associations with road
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Table 1 Benzodiazepines in anxiety

Efficacy Panic disorder

Generalised anxiety disorder

Social anxiety disorder

Specific phobias

Side-effects Common Uncommon

Depressed CNS functioning Paradoxical aggression

(sedation, muscle weakness, Headache

light-headedness, Hypotension

confusion, ataxia, impaired Weight gain

psychomotor performance) Sexual dysfunction

Discontinuation effects Respiratory depression

(see Table 2) (in respiratory disease)

Toxic effects Coma

Aspiration of gastric contents

Respiratory depression

traffic accidents (Barbone et al. 1998) and with falls and fractures in the elderly
(Wang et al. 2001). They are relatively safe in overdose (Buckley et al. 1995),
although the risk is increased if taken in combination with alcohol or other
sedative drugs.

3.1.1.2
Discontinuation Problems

The major controversy surrounding the use of benzodiazepines has concerned
the risks of long-term treatment, specifically tolerance, abuse, dependence
and withdrawal effects. From being the most widely prescribed psychotropic
drug they suffered a major backlash, but a more balanced view of their place
in treatment is emerging (Williams and McBride 1998). After 40 years of
clinical experience there is little evidence of tolerance to the anxiolytic effects
of benzodiazepines (Rickels and Schweizer 1998). Abuse (taking in excess of
the prescribed dose) is uncommon except in individuals with a history of
abuse of other drugs, who may not be suitable for benzodiazepine therapy
(Task Force Report of the American Psychiatric Association 1990). There is,
however, a consensus that adverse effects ondiscontinuationare more common
than with other anxiolytics (Schweizer and Rickels 1998). A careful clinical
assessment is indicated in this situation, as these effects may be caused by
recurrence or rebound (recurrence with increased intensity) of the original
anxiety symptoms.
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Table 2 Benzodiazepine withdrawal syndrome

Symptoms Hyperarousal: Autonomic lability:

anxiety, irritability, insomnia, sweating, tachycardia,

restlessness hypertension, tremor, dizziness

Neuropsychological effects: Seizures

dysphoria, perceptual sensitisation,

tinnitus, confusion, psychosis

Risk factors Treatment factors: Patient factors:

treatment duration > 6 months; severe premorbid anxiety;

high dose; alcohol/substance use disorder;

short-acting drug; female;

abrupt cessation dysfunctional personality;

panic disorder

Therapeutic Gradual tapering:

strategies Switch to long-acting drug, e.g. diazepam

Cover with secondary agent (anticonvulsant, antidepressant)

Cognitive behavioural therapy

A benzodiazepine withdrawal syndrome has been described in some pa-
tients discontinuing therapy (Table 2). Although potentially serious, it is gen-
erally mild and self-limiting (up to 6 weeks), but may accompany or provoke
a recurrence of anxiety symptoms and cause great concern to the patient. As
with any other treatment, the risks and benefits of benzodiazepine therapy
should be carefully assessed and discussed with the patient. Monotherapy will
not be first-line treatment for the majority of patients, but benzodiazepines
offer a valuable option that should not be discounted.

3.1.1.3
Drug Interactions

The potential for interaction with other medications comes largely from two
sources: (1) the exacerbation of sedation and impaired psychomotor perfor-
mance by other drugs also causing these effects, and (2) alterations in the
hepatic metabolism of benzodiazepines by drugs that are either inducers
or inhibitors of cytochrome P450 (CYP450) enzymes. The increased toxic-
ity in combination with alcohol is mostly pharmacodynamic but may partly
be due to the inhibition of metabolism of some benzodiazepines by high al-
cohol concentrations. Other drugs that may have additive effects on sedation
include tricyclic antidepressants, antihistamines, opioid analgesics and the
α2-adrenoceptor agonists clonidine and lofexidine.
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Most benzodiazepines undergo oxidative metabolism in the liver that may
be enhanced by enzyme inducers (e.g. carbamazepine, phenytoin) or slowed by
inhibitors (sodium valproate, fluoxetine, fluvoxamine). Oxazepam, lorazepam
and temazepam are directly conjugated and are not subject to these interac-
tions.

3.1.1.4
Clinical Usage

The specific clinical use of the numerous available benzodiazepines depends
on their individual pharmacokinetic and pharmacodynamic properties. Drugs
with a high affinity for the GABAA receptor (alprazolam, clonazepam, lo-
razepam) have high anxiolytic efficacy; drugs with a short duration of action
(temazepam) are used as hypnotics to minimise daytime sedative effects. Di-
azepam has a long half-life and duration of action and may be favoured for
long-term use or when there is a history of withdrawal problems; oxazepam
has a slow onset of action and may be less susceptible to abuse.

Guidance on the clinical indications for benzodiazepine therapy is available
from various sources (Task Force Report of the American Psychiatric Associ-
ation 1990; Ballenger et al. 1998a; Bandelow et al. 2002). Long-term therapy is
most likely to present problems with discontinuation and is usually reserved
for cases that have proved resistant to treatment with antidepressants alone.
Patients may benefit from a 2–4 week course of a benzodiazepine whilst antide-
pressant therapy is initiated, as this counteracts the increased anxiety caused
by some drugs (Goddard et al. 2001). A benzodiazepine may be useful as a hyp-
notic in some cases of anxiety disorder, and can be used by phobic patients on
an occasional basis before exposure to a feared situation.

3.1.2
Anticonvulsants

There is some overlap between the clinical syndromes of anxiety and epilepsy:
panic disorder and post-traumatic stress disorder can present with symp-
toms similar to temporal lobe seizures; alcohol and drug withdrawal states
can cause both anxiety and seizures; and some drugs (e.g. barbiturates and
benzodiazepines) act as both anticonvulsants and anxiolytics. Most anticon-
vulsant drugs act via the neurotransmission of GABA or glutamate, and in
recent years have offered a promising field for the development of novel anxi-
olytic therapies (Kent et al. 2002). Although there is solid preclinical research
demonstrating their anxiolytic properties, the evidence base in humans is less
impressive and they tend to be reserved for second-line or adjunctive therapy.
Drug interactions mediated via hepatic enzymes are a significant feature of
these drugs.
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3.1.2.1
Carbamazepine

No satisfactory randomised controlled trials have been published demonstrat-
ing the efficacy of carbamazepine in anxiety disorders, although it has a history
of use as an anxiolytic in panic disorder and PTSD. It has an unfavourable side-
effect profile (nausea, dizziness, ataxia) and multiple drug interactions due to
induction of liver enzymes.

3.1.2.2
Gabapentin and Pregabalin

Gabapentin acts by increasing GABA activity, although its exact mechanism
of action is unclear. It causes dose-related sedation and dizziness. It has been
shown in randomised controlled trials to be effective in social anxiety disorder
(Pande et al. 1999) and to benefit some patients with panic disorder (Pande
et al. 2000). Pregabalin is a related compound that has recently demonstrated
efficacy in GAD in a phase III study (Pande et al. 2003).

3.1.2.3
Lamotrigine

This anticonvulsant drug blocks voltage-gated sodium channels and inhibits
release of glutamate. A controlled study found efficacy in PTSD (Hertzberg
et al. 1999). Important side-effects include fever and skin reactions.

3.1.2.4
Sodium Valproate

As with carbamazepine, the historical use of valproate for anxiety is not sup-
ported by robust clinical trials. A randomised study showed efficacy in panic
disorder (Lum et al. 1991) and benefit has been reported in open studies in
OCD and PTSD. The major side-effects are tremor, nausea, ataxia and weight
gain and there is the potential for drug interactions via inhibition of hepatic
enzymes.

3.1.2.5
Other Drugs

Tiagabine blocks neuronal uptake of GABA and has reported benefits in panic
disorder and PTSD (Lydiard 2003). Topiramate has complex actions on GABA
andglutamateandwas foundtobehelpful for somesymptomsofPTSD(Berlant
and van Kammen 2002). Vigabatrin inhibits GABA metabolism and has been
shown to block induced panic attacks in healthy volunteers (Zwanzger et al.
2001).
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3.2
Drugs Acting via Monoaminergic Neurotransmission

Aside from the GABAA receptor, most research into the neurochemistry of anx-
iety has explored the role of the monoamine transmitters serotonin (5-HT),
noradrenaline and dopamine. This interest originated with the serendipitous
discovery of drugs that were later found to exert their anxiolytic effects by
actions on monoamine function. Advances in neuroscience research tech-
niques have, rather than clarifying the role of these neurotransmitters, tended
to present an increasingly complex picture (Argyropoulos and Nutt 2003).
Nevertheless these advances have led to the development of “designer drugs”
with selective effects on neurotransmitter function that have been successfully
tested as anxiolytics. These drugs do not exceed their predecessors in terms of
efficacy, but better tolerability has led to their adoption as first-line treatments
for anxiety disorders.

The biology of the monoamines is described in detail elsewhere. In simple
terms, they facilitate transmission in neural pathways that originate in nuclei
of the brainstem and have descending projections to the autonomic nervous
system and widespread ascending projections to sites in the limbic system
and cortex. These pathways modulate many aspects of behavioural function
as well as anxiety responses. Of the three monoamines, the role of serotonin in
anxiety is best understood, but the picture is complex as increased serotonergic
activity may be anxiogenic or anxiolytic depending on the site of action (Bell
and Nutt 1998).

Anxiolytic drugs alter monoaminergic neurotransmission by increasing
synaptic availability or by direct action on postsynaptic receptors. Mechanisms
for increasing monoamine availability include increasing release by blocking
inhibitory autoreceptors, decreasing reuptake by blocking transporters, and
decreasing metabolism by inhibiting oxidative enzymes. Monoamines are also
implicated in the pathophysiology of depression, and drugs that increase their
synaptic availability tend to have antidepressant effects. These drugs have
been traditionally classified as antidepressants, although they have a primary
role as anxiolytics. Other anxiolytic drugs acting via monoamine neurotrans-
mission are the postsynaptic serotonin receptor partial agonist buspirone,
the β-adrenoceptor blockers and drugs classed as antipsychotics.

3.2.1
Antidepressants

Thegrowthduring the1990s in theuseof antidepressants, particularly selective
serotonin reuptake inhibitors (SSRIs), for the treatment of anxiety disorders
represented a major advance in the pharmacotherapy of anxiety. The efficacy of
tricyclic antidepressants (TCAs) and monoamine oxidase inhibitors (MAOIs)
had been established alongside their antidepressantw actions several decades



Pharmacotherapy of Anxiety 479

Fig. 2. Treatment response to anxiolytic drugs

previously, but the launch of new, better-tolerated medications coincided with
the backlash against benzodiazepines and an increase in the profile of anxiety
disorders.

Taken together, the efficacy of antidepressants covers the spectrum of anx-
iety disorders, although there are important differences between drugs in the
group (Table 3). Several new antidepressants have been marketed since the SS-
RIs: venlafaxine and mirtazapine are discussed later (Sects. 3.2.1.2 and 3.2.1.4);
nefazodone, a serotonin reuptake inhibitor and postsynaptic 5-HT2 blocker
showed promise in early studies but was recently withdrawn by its manufac-
turers; reboxetine, a noradrenaline reuptake inhibitor (NARI) showed benefits
in panic disorder in one published study (Versiani et al. 2002) and further
evidence of its anxiolytic efficacy is awaited.

Antidepressants differ from benzodiazepines in the onset and course of their
actions (Fig. 2). Most cause an increase in anxiety on initiation of therapy, and
anxiolytic effects occur later. In comparative studies, improvement matches
that on benzodiazepines after 4 weeks (Rocca et al. 1997). Withdrawal effects,
particularly rebound, are less problematic with antidepressants, although stop-
ping treatment is associated with a significant rate of relapse, and a withdrawal
syndrome has been described for most of the shorter-acting drugs.

3.2.1.1
SSRIs

These drugs increase synaptic serotonin by selectively blocking the serotonin
reuptake transporter. In preclinical and human studies acute doses tend to be
anxiogenic (Bell and Nutt 1998) but chronic administration has anxiolytic ef-
fects, possibly due to downregulation of presynaptic autoreceptors (Blier et al.
1990). There are five SSRIs widely available: citalopram, fluoxetine, fluvoxam-
ine, paroxetine and sertraline. Escitalopram, the S-enantiomer of citalopram,
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was recently licensed in the UK for the treatment of panic disorder and is likely
to have the same spectrum of efficacy as citalopram (Waugh and Goa 2003).

The SSRIs as a class are now widely considered to be appropriate first-line
anxiolytic drugs; in particular paroxetine, the most potent 5-HT reuptake
blocker, has been licensed in the UK for the treatment of each of the ma-
jor anxiety disorders. Short-term efficacy has been clearly demonstrated in
randomised controlled trials, but in common with other antidepressants, re-
search evidence is lacking for long-term efficacy and necessary duration of
treatment.

TolerabilityandSafety An advantage of the SSRIs has been their improved toler-
ability relative to their predecessors, the tricyclic antidepressants and benzo-
diazepines. This has been demonstrated in comparative studies of drugs from
these classes (e.g. Zohar and Judge 1996). Nevertheless they are not without
side-effects: on initiation nausea, anxiety, jitteriness and insomnia are related
to the starting dose; later sedation, asthenia, headache, sweating and sexual
dysfunction may occur. Hyponatraemia occurs mostly in the elderly. Some
effects are particular to individual drugs within the class; for example paroxe-
tine has anticholinergic properties and can cause dry mouth, constipation and
urinary hesitancy; sertraline is more likely to cause dyspepsia and diarrhoea;
fluoxetine has agonist activity at 5-HT2c receptors causing headache, agitation
and loss of appetite (Goodnick and Goldstein 1998).

Although SSRI overdose can cause seizures, coma and cardiac abnormalities
(Barbey and Roose 1998), these toxic effects occur only in large overdoses or
in combination with other drugs. Fatality rates are substantially lower than
with TCA overdose (Mason et al. 2000). Public attention has been drawn to
reports of suicidal and aggressive thoughts and behaviour associated with
initiating SSRIs (Healy 2003). The scientific basis for this assertion is disputed
and continues to be debated, but it does not appear that SSRI treatment is
associated with increased suicidality on a population level (Carlsten et al.
2001; Khan et al. 2003).

DiscontinuationProblems Furthercontroversyhas surroundedmisleadingclaims
in the lay media that SSRIs have “addictive” properties. These centre around
reports of patients suffering symptoms when trying to discontinue medica-
tion. As with the benzodiazepines, these symptoms may be a recurrence of
the premorbid anxiety, although rebound anxiety has not been clearly demon-
strated. Self-limiting symptoms associated with SSRI withdrawal have been
widely reported (Haddad 1998), and are generally described as the “SSRI dis-
continuation syndrome” (Table 4). The most frequently occurring symptoms
are dizziness, nausea and headache.

The syndrome is more common with paroxetine, possibly due to its anti-
cholinergic activity, and is very uncommon with fluoxetine due to the long
half-life of its metabolites (Michelson et al. 2000). It can start 48 h after the
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final dose, and although most cases resolve within 2–3 weeks, symptoms may
rarely last longer than this.

DrugInteractions SSRIs interact with other drugs that have effects on 5-HT neu-
rotransmission, including TCAs, buspirone, sumatriptan and tryptophan, but
particularly important is the interaction with MAOIs that can lead to a syner-
gistic increase in synaptic serotonin. This can result in the serotonin syndrome,
comprising restlessness, irritability, tremor, sweating and hyperreflexia. The
syndrome can be lethal (Sternbach 1991). In general clinical practice, there
should be a washout of 2 weeks between discontinuing MAOI therapy and
starting SSRI; a washout of 1–2 weeks should follow SSRI discontinuation
(5 weeks for fluoxetine).

The drugs have variable potential for drug interactions via hepatic CYP450
enzymes (Table 5). Escitalopram has the lowest potential for interactions.

Clinical Usage Expert sources recommend SSRIs as first-line treatments of anx-
iety disorders (American Psychiatric Association 1998; Ballenger et al. 1998a;
Bandelow et al. 2002). In preparation for treatment, a full discussion of po-
tential benefits and anticipated side-effects (including discontinuation effects)
should be held with the patient (Bull et al. 2002). Some patients have difficulty
initiating treatment because of anxiety about side-effects. In these cases the
drug may be increased slowly from a low starting dose, if necessary using the

Table 4 SSRI discontinuation syndrome

Symptoms Neurological symptoms: Somatic distress:

dizziness, tremor, vertigo, nausea, headache, lethargy

paraesthesia/shooting pains

Psychological symptoms: Hyperarousal:

anxiety, confusion, memory agitation, restlessness, insomnia,

problems irritability

Risk factors Treatment factors: Patient factors:

longer duration of treatment; possibly younger age;

rapid discontinuation; any psychiatric diagnosis

short half-life drug;

possibly increased dose

Therapeutic Careful assessment:

strategies Reassurance Reinstitute therapy if necessary

Taper slowly (over 1 month)

Switch to fluoxetine
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Table 5 SSRIs and hepatic cytochrome P450 enzymes

SSRI Inhibitor of enzymes

Citalopram −

Fluoxetine 2D6 (potent)
3A4 (potent)

Fluvoxamine 1A2 (potent)
3A4 (potent)
2D6 (moderate)

Paroxetine 2D6 (potent)
3A4 (moderate)

Sertraline 2D6 (moderate)

−, No significant enzyme inhibition.

syrup form of fluoxetine or paroxetine, or a benzodiazepine may be used to
cover the initiation period.

There is little research evidence to guide a decision on duration of treatment.
Some studies have shown continued improvement for up to 12 months, and
for most disorders there is a significant relapse rate when treatment is stopped
(Lecrubier and Judge1997;Michelsonet al. 1999).Guidelines suggest aduration
of 12–24months if treatment is successful, but if thereare risk factors for relapse
treatment may be required for much longer. Treatment discontinuation should
be carefully planned and medication tapered.

3.2.1.2
Venlafaxine

Venlafaxine is a serotonin and noradrenaline reuptake inhibitor (SNRI). It
shares these properties with the TCAs amitriptyline, clomipramine and imip-
ramine, but it is the first selective SNRI, with low affinity for muscarinic,
histaminic and α-adrenergic receptors. At low doses serotonergic effects pre-
dominate, but at higher doses the reuptake of noradrenaline is significantly
blocked (Melichar et al. 2001). It is available as immediate and extended release
(XR) preparations.

There is a large evidence base for the antidepressant efficacy of venlafax-
ine, but fewer studies have been carried out in anxiety disorders. The best
evidence is for GAD (Allgulander et al. 2001) and anxiety symptoms as-
sociated with depression (Silverstone and Ravindran 1999). Side-effects on
initiation of therapy are similar to those of SSRIs, with nausea being the
most common. Higher doses can cause raised blood pressure. A discontin-
uation syndrome similar to that seen with SSRIs has been reported. Toxi-
city causes cardiac conduction problems, seizures and coma, and venlafax-
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ine overdose is associated with a higher mortality than that of the SSRIs
(Buckley and McManus 2002). Although metabolised by CYP2D6, venlafax-
ine does not inhibit this enzyme and has a low potential for drug interac-
tions.

3.2.1.3
Tricyclic Antidepressants

This group includes compounds with actions on a range of neurotransmitter
systems. Their antidepressant efficacy is mediated by reuptake inhibition of
serotonin and noradrenaline, although side-effects such as sedation may also
beuseful.Theiruse inanxietydisorders is supportedbya longhistoryof clinical
experience and a reasonable evidence base from controlled trials. Studies
support the use of clomipramine (a potent serotonin reuptake inhibitor) in
panic disorder and OCD (Lecrubier et al. 1997; Clomipramine Collaborative
Study Group 1991), of imipramine in panic disorder and GAD (Cross-National
Collaborative Panic Study 1992; Rickels et al. 1993), and of amitriptyline in
PTSD (Davidson et al. 1993a). No controlled studies support the use of TCAs
in social anxiety disorder.

A meta-analysis of controlled studies suggested superior efficacy of clomip-
ramine over SSRIs in OCD (Kobak et al. 1998), but this has not been demon-
strated in direct comparisons and the use of SSRIs has superseded that of
TCAs because of advantages in safety and tolerability (Zohar and Judge 1996).
Side-effects of TCAs include anticholinergic effects (drowsiness, dry mouth,
blurred vision and constipation), antihistaminergic effects (drowsiness and
weight gain) and postural hypotension caused by α1-adrenoceptor blockade,
as well as the side-effects common to SSRIs. Some effects are dose-related,
and usual practice is to titrate the dose slowly upwards. A discontinuation
syndrome similar to that with SSRIs is well-described, and withdrawal should
be tapered. Overdose causes hypotension, cardiac arrhythmias, metabolic aci-
dosis, seizures and coma and is associated with a significant mortality. Inter-
actions can occur with other drugs with CNS effects (particularly MAOIs), and
with drugs that affect hepatic metabolism.

3.2.1.4
Mirtazapine

Mirtazapine has a novel mechanism of action that in theory should pro-
mote anxiolytic effects, although evidence from studies of anxiety disorders
is awaited. It increases synaptic release of serotonin and noradrenaline via
blockade of presynaptic inhibitory α2-adrenoceptors, as well as blocking post-
synaptic 5-HT2 and 5-HT3 serotonin receptors and H1 histamine receptors.
Mirtazapine has good efficacy for anxiety symptoms associated with depres-
sion (Fawcett and Barkin 1998), and in controlled studies was superior to



Pharmacotherapy of Anxiety 485

placebo in PTSD (Davidson et al. 2003) and equivalent to fluoxetine in panic
disorder (Ribeiro et al. 2001).

The actions of mirtazapine lead to a unique side-effect profile. Important
effects are sedation, drowsiness, dry mouth, increased appetite and weight
gain. It does not cause initial worsening of anxiety. Tolerance to the sedative
properties occurs after a few weeks and paradoxically higher doses tend to
be less sedating. The main effect of overdose is sedation. It has the potential
for interaction with drugs that inhibit the CYP450 2D6 and 3A4 isoenzymes,
although reports of interactions are rare. Discontinuation symptoms have not
yet been reported.

3.2.1.5
Inhibitors of Monoamine Oxidase

MAOIs increase synapticavailabilityof serotonin,noradrenalineanddopamine
by inhibiting their intracellular metabolism. The classical MAOIs phenelzine
and tranylcyprominebind irreversibly tomonoamineoxidase,whilst thenewer
drug moclobemide is a reversible inhibitor of monoamine oxidase A (RIMA).
The long history of use of MAOIs in panic disorder, PTSD and social anxiety
disorder is supported by controlled trials (Sheehan et al. 1980; Frank et al.
1988; Versiani et al. 1992). The evidence for moclobemide is less conclusive,
with both positive and negative studies in panic disorder and social anxiety
disorder, and meta-analysis suggests a lower response rate in social anxiety
disorder than with SSRIs (van der Linden et al. 2000). Brofaromine, a RIMA,
was effective in a controlled trial in social anxiety disorder but is no longer
marketed.

MAOIs have a significant side-effect profile, including dizziness, drowsi-
ness, insomnia, headache, postural hypotension and anticholinergic effects.
Asthenia, weight gain and sexual dysfunction can occur during long-term use.
A hypertensive reaction (cheese reaction) may follow the ingestion of foods
containing tyramine,whichmust thereforebe removed fromthediet.Overdose
can be fatal due to seizures, cardiac arrhythmias and hypotension. Interactions
can occur with sympathomimetics, antihypertensives and most psychoactive
drugs, and a washout of 2 weeks is advised when switching from an MAOI
to another antidepressant. Moclobemide is better tolerated than MAOIs, al-
though at high doses (>900 mg daily) dietary restrictions should be observed.
The main side-effects are dizziness and insomnia. Overdose toxicity is less,
although fatalities have been reported.

3.2.2
Buspirone

Buspirone differs from the antidepressants in that its effects are mediated
solely via 5-HT1A receptors. It is a partial agonist at postsynaptic 5-HT1A re-
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ceptors in the limbic system but a full agonist at autoreceptors in the raphé
(Blier and Ward 2003). Acute dosage inhibits serotonin release, but this re-
covers with continued administration. Anxiolytic effects take several weeks
to emerge (Fig. 2). Buspirone is effective in the treatment of GAD (Enkel-
mann 1991) and for anxiety symptoms in depression (Rickels et al. 1991),
either as monotherapy or combined with an SSRI. Response is less favourable
if the patient has recently taken a benzodiazepine (DeMartinis et al. 2000).
In comparison with benzodiazepines for the treatment of GAD, the onset of
the anxiolytic effects are slower but equate to benzodiazepines at 4–6 weeks
(Enkelmann 1991). Evidence is lacking to support the use of buspirone in other
anxiety disorders.

Buspirone is well-tolerated, with the main side-effects being dizziness, anx-
iety, nausea and headache. It is tolerated by the elderly (Bohm et al. 1990). It
does not cause sexual dysfunction and does not appear to be associated with
a discontinuation syndrome. Overdose causes drowsiness but there are no re-
ports of serious toxic effects. A potential for interaction with drugs that inhibit
the CYP450 3A4 isoenzyme is not a significant problem in clinical practice.
GAD is usually a chronic condition and buspirone is suitable for long-term
treatment. Patients should be advised to expect a slow onset of benefits and be
reviewed regularly in the early stages of treatment.

3.2.3
β-Blockers

The rationale for using β-adrenoceptor blockers for the treatment of anxi-
ety is twofold: first for the control of symptoms caused by autonomic arousal
(e.g. palpitations, tremor) and second because there is a postulated but poorly
understood involvement of central noradrenergic activity in anxiety path-
ways. There is a history of clinical use of these drugs in each of the five
major anxiety disorders, but evidence is lacking from controlled clinical trials,
and positive findings have often been superseded by later negative studies.
Early trials were carried out with propranolol and the more cardioselec-
tive atenolol, which has mainly peripheral effects. The efficacy of atenolol
in performance anxiety suggests that not all of the effects are centrally me-
diated (Gorman et al. 1985). Recently there has been interest in pindolol,
a β-blocker that also blocks 5-HT1A autoreceptors and may promote seroton-
ergic neurotransmission. Studies using pindolol to augment SSRI treatment
of anxiety disorders have had mixed results (Hirschmann et al. 2000; Dannon
et al. 2000).

β-Blockers commonly cause side-effects including bradycardia, hypoten-
sion, fatigue and bronchospasm. Overdose can cause fatal cardiogenic shock.
Because of the doubtful evidence for efficacy and poor tolerability and safety,
their use in anxiety disorders is limited. They may have a circumscribed role
in the prevention of performance anxiety (Elman et al. 1998).
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3.2.4
Antipsychotics

This category contains various drugs that are licensed for the treatment of
psychotic disorders. Their effects are mediated via antagonism of D2 dopamine
receptors in the limbic system and cortex. They are loosely divided into two
groups: older “classical” drugs such as haloperidol and chlorpromazine that
are potent D2 blockers; and “atypical” antipsychotics that have a lower affinity
for D2 receptors but also block 5-HT2 receptors. The history of clinical use
of classical antipsychotics as “major tranquillisers” has little support from
controlled trials (El-Khayat and Baldwin 1998). Evidence is greatest in OCD for
the augmentation of SSRI treatment with haloperidol (McDougle et al. 1994)
and the atypical drugs risperidone (McDougle et al. 2000) and quetiapine
(Atmaca et al. 2002). Recent controlled trials have reported benefits for the
atypical drug olanzapine in social anxiety disorder (Barnett et al. 2002) and
in addition to SSRIs in PTSD (Stein et al. 2002). Open studies are reporting
efficacy for atypical antipsychotics in anxiety disorders and it may be that their
clinical use expands in the future.

Atypical antipsychotics have advantages in tolerability and safety over the
older drugs. They have a lower incidence of extrapyramidal movement disor-
ders, but may cause sedation and weight gain. Their metabolism by CYP450
enzymes leads to a potential for interaction with many co-prescribed drugs.

3.3
Drugs with Other Mechanisms of Action

3.3.1
Antihistamines

The longstanding use in some countries of hydroxyzine, a centrally-acting H1-
histamine receptor antagonist, is supported by positive findings in controlled
trials in GAD (Ferreri and Hantouche 1998; Lader and Scotto 1998). Hydrox-
yzine promotes sleep and its anxiolytic effects have an early onset. Although
it causes sedation, tolerance to this effect often occurs and effects on psy-
chomotor performance are smaller than with benzodiazepines (de Brabander
and Deberdt 1990). It is well-tolerated and withdrawal effects have not been
reported. Although the evidence for its efficacy is not large, hydroxyzine pro-
vides an option for some patients with GAD for whom standard treatments
are unsuitable.

3.3.2
Lithium

Lithium is effective in the treatment of mood disorders. Its mechanism of
action is unclear but is likely to be via modification of intracellular second
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messenger systems. There are no controlled trials demonstrating the efficacy
of lithium in anxiety disorders, but there have been case reports of its use
as an augmenting agent in panic disorder and OCD. The high toxicity and
poor tolerability of lithium limit its use in anxiety in the absence of a stronger
evidence base.

4
Diagnostic Aspects

Although every method for categorising anxiety disorders has its shortcom-
ings, in current clinical practice the diagnostic criteria of the American Psychi-
atric Association (DSM-IV 1994) is most commonly used. “Anxiety disorder” is
broken down into sub-syndromes with clear operational criteria. In particular,
the criteria are clearly stated for a symptomatic individual to become a case,
and this diagnostic threshold is usually defined in terms of impairment of oc-
cupational, social or domestic functioning. Although many patients will have
symptoms from more than one diagnostic category, it is important to elicit the
primary diagnosis, as this will influence the recommended treatment. Comor-
bid disorders, usually a second anxiety disorder, mood disorder or substance
use disorder are common and should be detected. The key diagnostic criteria
for the major anxiety disorders are given in Table 6.

5
Pharmacotherapy of Anxiety Disorders

5.1
Generalised Anxiety Disorder

GAD is a prevalent, chronic, disabling anxiety disorder. It is comorbid with
other anxiety or mood disorders in the majority of cases (Ballenger et al.
2001). Whilst it is a relatively new diagnostic concept, longitudinal studies have
reinforced its validity (Kessler et al. 1999). The core symptoms are chronic
worry and tension, and GAD frequently presents with somatic complaints
such as headache, myalgia or insomnia (Lydiard 2000). The diagnosis requires
symptoms to be present for at least 6 months, although the duration of illness
at presentation is usually much longer than this. The presence of comorbidity
leads to a worse prognosis (Yonkers et al. 1996). Cognitive behavioural therapy
(CBT) has been shown to be effective in GAD and should be considered if
available (Durham et al. 1994).

Recommended drugs for GAD are antidepressants, benzodiazepines, bus-
pirone and hydroxyzine (Ballenger et al. 2001). The use of antipsychotics is not
supported by controlled trials and is discouraged due to their poor long-term
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Table 6 DSM-IV classification of anxiety disorders

Generalised
anxiety disorder

Excessive worry/anxiety about various matters for at least 6 months
Difficulty in controlling worry
Accompanying somatic symptoms (effects of chronic tension)
Clinically important distress or impairment of functioning

Obsessive–
compulsive
disorder

Presence of obsessions (thoughts) or compulsions (behaviours)
Symptoms are felt by patient to be unreasonable or excessive
Clinically important distress or impairment of functioning

Panic disorder
(± agoraphobia)

Severe fear or discomfort peaking within 10 minutes
Characteristic physical/psychological symptoms
Episodes are recurrent and some are unexpected
Anxiety about further attacks or consequences of attacks
(Agoraphobia: anxiety about place/situation where panic attack is dis-
tressing or escape difficult; situation is avoided, endured with distress
or companion is required)

Post-traumatic
stress disorder

Severe traumatic event that threatened death or serious harm
Felt intense fear, horror or helplessness
Repeated reliving experiences
Phobic avoidance of trauma-related stimuli
Hyperarousal
Symptoms last > 1 month and cause clinically important distress or
impairment of functioning

Social anxiety
disorder

Recurrent fears of social or performance situations
Situations avoided or endured with distress
Clinically important distress or impairment of functioning

Specific phobia Persistent fear/avoidance of specific object or situation
Phobic stimulus immediately provokes anxiety response
Clinically important distress or impairment of functioning

tolerability. Pregabalin (related to the anticonvulsant gabapentin) was effective
in preliminary trials and may be a future treatment option (Pande et al. 2003).

Recent evidence has brought about a shift in prescribing in GAD and now
the usual choice for first-line treatment will be an antidepressant. These are
effective, well-tolerated, suitable for long-term use and will treat comorbid
mood and anxiety disorders. Suitable drugs include venlafaxine (Allgulander
et al. 2001) and the SSRI paroxetine (Stocchi et al. 2003). A non-sedating TCA
such as imipramine could also be used if tolerated and where the risk of suicide
is deemed to be low (Rickels et al. 1993). Little research is available to guide
a decision on treatment duration. The recommendation for panic disorder
is to continue therapy for at least 12 months following clinical improvement
and this seems a reasonable practice to follow in other anxiety disorders
(American Psychiatric Association 1998). Buspirone is also appropriate for
long-term therapy in the absence of comorbid depression (Rakel 1990).
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Benzodiazepines are effective as monotherapy (Rickels et al. 1993) but are
rarely used as first-line in this context because of their side-effect profile. They
have a useful short-term role for the rapid control of anxiety symptoms or
for the control of somatic symptoms such as muscle tension and insomnia,
particularly in the early stages of antidepressant therapy. Hydroxyzine has
a limited role but can be considered if other treatments are unsuitable (Lader
and Scotto 1998).

5.2
Obsessive–Compulsive Disorder

OCD is a disabling disorder that tends to run a chronic or recurrent course
(Sasson et al. 1997). It is diagnosed by the presence of obsessions (recurrent,
intrusive thoughts, images or impulses that are experienced as irrational and
unpleasant) or compulsions (repetitive behaviours that are performed to re-
duce a feeling of unease). The symptoms are present for at least 1 h every day
and cause impairment of important functions. Prevalence has been measured
in various populations and is generally 1%–2%. Symptoms start as early as the
first decade and have often been present in excess of 10 years at presentation
(Hollander et al. 1996). Depression occurs in more than 50% of cases and there
is significant comorbidity with other anxiety disorders, eating disorders and
tic disorders. Although classified with the anxiety disorders, OCD is distinct
from the rest of this group in its epidemiological profile and neurobiology.
In clinical terms, OCD symptoms respond to drugs that enhance serotonergic
neurotransmission but not to noradrenergic drugs, and they respond poorly
to benzodiazepines.

The recommended first-line drugs for OCD are SSRIs and the TCA clo-
mipramine (Pigott and Seay 1999). The required dose is generally higher than
that required for other disorders (e.g. clomipramine 150–250 mg, paroxetine
40–60 mg) and SSRIs have advantages in safety and tolerability. Long-term
treatment may be required. There is a good evidence base for the efficacy
of CBT, and there may be added benefits from combining psychological and
pharmacological therapies (Hohagen et al. 1998). In cases poorly responsive
to SSRI treatment, augmentation with the antipsychotics haloperidol, risperi-
done or quetiapine has support from clinical trials, and addition of buspirone,
lithium and the serotonin precursor l-tryptophan have also been tried. In
severe treatment-resistant cases the neurosurgical procedure stereotactic cin-
gulotomy should be considered (Jenike et al. 1991).

5.3
Panic Disorder and Agoraphobia

Panic disorder is also a common, chronic and disabling disorder with its peak
incidence in young adulthood (Ballenger et al. 1998a). A panic attack is defined
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as the sudden onset of anxiety symptoms, rising to a peak within 10 min.
DSM-IV requires 4 of 13 defined symptoms to be present. The symptoms are
physical symptoms corresponding to those caused by autonomic arousal and
psychological symptoms (fear and depersonalisation/derealisation, an altered
perception of oneself or the world around). Panic disorder occurs when there
are recurrent panic attacks, some of which are uncued or unexpected, and
there is fear of having further attacks. Agoraphobia is present in around half
of cases (Wittchen et al. 1998) and is a poor prognostic indicator. For some
patients the anticipatory anxiety or agoraphobia may be considerably more
disabling than the panic attacks themselves.

Panic disorder is comorbid with episodes of depression at some stage in the
majority of cases (Stein et al. 1990), with social anxiety disorder and to a lesser
extent GAD and PTSD, and with alcohol dependence and personality disorder.
Comorbidity results in increased severity and poor response to treatment.
Panic disorder is associated with a significantly increased risk of suicide, and
this is increased further by the presence of comorbid depression (Lepine et al.
1993).

There is solid evidence for pharmacotherapy of panic disorder with SSRIs
(Boyer 1995), the TCAs clomipramine and imipramine (Lecrubier et al. 1997;
Cross-National Collaborative Panic Study 1992) and the benzodiazepines al-
prazolam, clonazepam, lorazepam and diazepam (Ballenger et al. 1988; Beau-
clair et al. 1994; Charney and Woods 1989; Noyes et al. 1996). Therapy is likely
to be required for a minimum of 12 months, and the favourable tolerability
of SSRIs will usually lead to their choice as first-line therapy. Patients with
panic disorder are sensitive to drug side-effects, so a low initial dose should
be used and titrated up to the recommended treatment dose (e.g. paroxetine
10 mg titrated up to 40 mg). Coadministration of a benzodiazepine with an
SSRI for the first 2–4 weeks may reduce initial agitation and hasten clinical
improvement (Goddard et al. 2001). Once improvement has been achieved, the
dose may be slowly reduced to a lower maintenance level. Stopping treatment
is associated with discontinuation effects and an increased risk of relapse and
should be approached with caution. CBT is an effective treatment for panic
disorder and additional benefits may be gained from combination therapy
(Oehrberg et al. 1995). Other drugs effective in controlled studies include the
antidepressants phenelzine (Sheehan et al. 1980), moclobemide (Tiller et al.
1999), venlafaxine (Pollack et al. 1996), mirtazapine (Ribeiro et al. 2001) and
reboxetine (Versiani et al. 2002), and the anticonvulsants sodium valproate
(Lum et al. 1991) and gabapentin (Pande et al. 2000).

5.4
Post-traumatic Stress Disorder

This is another anxiety disorder that is common although underdiagnosed,
frequently chronic and usually severely disabling (Ballenger et al. 2000). The
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diagnosis is given when specific psychological and physical symptoms follow
exposure to a traumatising event that invokes fear, horror and helplessness.
Symptoms fall into three categories: re-experiencing phenomena (flashbacks,
nightmares, distresswhenmemoriesof traumaare triggered); persistent avoid-
ance of triggers to memory of the trauma and general numbing; hyperarousal
(insomnia, irritability, poor concentration, hypervigilance, increased startle
response). Symptoms must persist for more than 1 month after the trauma.

PTSD is highly comorbid with depression (Kessler et al. 1995) and substance
use disorders, and is associated with a previous exposure to trauma and a pre-
vious history of anxiety disorders. PTSD probably carries the highest risk of
suicide among the anxiety disorders (Davidson et al. 1991). Without effective
treatment the disorder generally runs a chronic, unremitting course.

The evidence base for pharmacotherapy is shallow although improving.
Efficacy is established for theSSRIs, particularlyparoxetine (Tucker et al. 2001),
fluoxetine (Connor et al. 1999) and sertraline (Brady et al. 2000) and the TCA
amitriptyline (Davidson et al. 1993a). Treatment is started at standard dose
but may be required to be titrated upwards (e.g. paroxetine 20–50 mg). Results
from long-term studies are awaited but treatment should be continued for
a minimum of 12 months. Medication is givenalongside psychotherapy, usually
cognitive and exposure therapies (Foa 2000). Other treatments include the
antidepressants phenelzine and mirtazapine, the anticonvulsants lamotrigine,
sodium valproate, carbamazepine and tiagabine, and augmentation with the
atypical antipsychoticolanzapine.Theuseofbenzodiazepines isnotadvised, as
their efficacy is not established and withdrawal symptoms may be particularly
distressing. If insomnia is problematic then a non-benzodiazepine hypnotic
may be prescribed.

5.5
Social Anxiety Disorder

This disorder is characterised by anxiety symptoms in social or performance
situations, accompanied by a fear of embarrassment or humiliation. Situations
are avoided or endured with distress. There may be a specific fear of one or two
situations (most commonly public speaking), or of three or more situations
in the generalized subtype. Epidemiological studies find this to be the most
prevalent anxiety disorder among the general population (Magee et al. 1996).
Its peak onset is around the time of adolescence, and the resulting impair-
ments can have a profound effect on social and occupational development. If
untreated it tends to follow a chronic, unremitting course. Social anxiety dis-
order is frequently comorbid with depression, other anxiety disorders, alcohol
problems and eating disorders. It is associated with an increased rate of suicide
that is significantly higher in the presence of comorbidity (Schneier et al. 1992).

Drug studies have focussed on the generalized subtype (Ballenger et al.
1998b). The largest evidence base is for the SSRIs, which are accepted to be the
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drug treatment of choice. Treatment is started at standard dose and increased
as necessary (e.g. paroxetine 20–50 mg). Duration of treatment is usually for
at least 12 months, and there is benefit from combination with CBT (Blomhoff
et al. 2001). The other class of antidepressant to be considered is the MAOIs,
as phenelzine and moclobemide have controlled trial data to support their use
(Versiani etal. 1992).TCAshavenoprovenefficacyandevidence forvenlafaxine
and mirtazapine is awaited. Among the benzodiazepines only clonazepam has
been shown to be effective as monotherapy, possibly due to its effects on
5HT1A receptors (Davidson et al. 1993b). Benzodiazepines may also be used
to augment SSRI treatment. Other drugs to consider are the anticonvulsant
gabapentin and the antipsychotic olanzapine. β-Blockers are not effective in
generalized social anxiety disorder but have a role in symptomatic control in
specific performance anxiety.

5.6
Specific Phobia

In specific phobia disorder the patient has an inappropriate or excessive fear
of a particular stimulus or situation, such as animals, heights or thunder.
An anxiety reaction is consistently and rapidly evoked on exposure to the
stimulus, and there is anticipatory anxiety. Population studies have found
a surprisingly high prevalence and associated disability, for example a lifetime
prevalence of 12% in the National Comorbidity Survey (Magee et al. 1996). The
standard treatment for specific phobia is behavioural therapy, and patients
rarely present for pharmacological treatment. Nevertheless, there are clinical
and pharmacological similarities between patients with specific phobias and
those with other anxiety disorders (Verburg et al. 1994), and it might be
predicted that anxiolytic medications would have beneficial effects. A small
controlled study found an improvement in measures of fear and avoidance
after a 4-week trial of the SSRI paroxetine (Benjamin et al. 2000), and there is
also a role for the use of a short-acting benzodiazepine to control anxiety prior
to exposure to the feared stimulus.

5.7
Depression with Concomitant Anxiety

The prevalence of depression in patients with anxiety disorders is high, as is the
prevalence of anxiety in patients with depression (Tylee et al. 1999; Kessler et al.
1998). Among patients presenting for treatment of anxiety symptoms, a large
proportion will have a primary diagnosis of depression. In these situations it is
critical to offer a treatment plan that will prove effective against both anxiety
and depression (Nutt 2000). The presence of both disorders together causes an
increase in disability, increased severity of symptoms, a higher likelihood of
suicidal thoughts and a poor response to treatment (Lepine et al. 1997).
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Antidepressants would be the obvious drug class to select in this patient
group, and a number of controlled studies have demonstrated their efficacy.
Both SSRIs and TCAs are effective, with the most evidence being for the SSRI
paroxetine and the TCAs clomipramine and amitriptyline (Feighner et al. 1993;
Ravindran et al. 1997; Stott et al. 1993). Comparative studies favour the SSRIs
because of their better tolerability, and safety is also a factor in a group at high
risk of suicide. Recent studies have demonstrated the efficacy of the new an-
tidepressants venlafaxine (Silverstone and Ravindran 1999) and mirtazapine
(Fawcett and Barkin 1998) in this group, and as their tolerability matches that
of the SSRIs they should also be considered as first-line treatment. Benzodi-
azepines produce a rapid improvement in anxiety but are ineffective at treating
depression (Lenox et al. 1984) and are not suitable for long-term treatment in
this context. Theyhave a short-termroleon initiationof antidepressant therapy
in selected patients.

6
Conclusions and Future Directions

It has been shown that the recent shift in clinical practice towards the use of
antidepressants, particularly SSRIs, for the first-line treatment of anxiety dis-
orders is supported by research evidence from randomised controlled trials.
The use of these drugs is likely to be refined in future years as important gaps
in the current knowledge base are filled. These include the optimal duration
of treatment, the identification of patients at particular risk of relapse, the
benefits of combining drugs with psychotherapy and suitable options for pa-
tients resistant to first-line treatments. New drugs available for the treatment
of depression may also prove to be effective for anxiety disorders. The prime
position of the SSRIs has been reinforced by evidence for the role of serotonin
in anxiety; the newer antidepressants tend to have a dual action on seroton-
ergic and noradrenergic neurotransmission, and clarification of the role of
noradrenaline in anxiety is likely to occur.

It is only in recent years that drugs acting via GABA neurotransmission have
been supplanted as first-line treatments, and new drugs in this class with im-
proved tolerability compared to the benzodiazepines are likely to be marketed
in the near future (Ashton and Young 2003). Further down the line, agonists
that are selective for specific subunits of the GABAA receptor offer the prospect
of drugs that are anxiolytic but with fewer sedative properties (Nutt and Mal-
izia 2001). Overall it is remarkable that current pharmacological strategies are
centred around such a small number of brain mechanisms. Future strategies
may involve glutamate neurotransmission (Kent et al. 2002) and neuropep-
tides such as corticotrophin releasing factor antagonists (Gutman et al. 2001)
and substance P antagonists (Argyropoulos and Nutt 2000), and a continued
expansion in the range of anxiolytic therapies should be anticipated.
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Abstract New developments in the pharmacological treatment of anxiety disorders will have
distinct backgrounds: characterization of pathophysiological processes including evolving
techniques of genomics and proteomics will generate new drug targets. Drug development
design will generate new pharmacological substances with specific action at specific neu-
rotransmitter and neuropeptide receptors or affecting their reuptake and metabolism. New
anxiolytic drugs may target receptor systems that only recently have been linked to anxiety-
related behavior. This includes the N-methyl-d-aspartate (NMDA), S-α-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA), and the cannabinoid receptors. In addition,
signal transduction pathways, neurotrophic factors, and gases such as nitric oxide or carbon
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monoxide may be new drug targets. Combining psychopharmacological and psychothera-
peutical interventions is a further field where benefits for the treatment of anxiety disorders
could be achieved. Although the road of drug development is arduous, improvements in the
pharmacological treatment of anxiety disorders are expected for the near future.

Keywords Anxiety · Anxiety disorders · Anxiolytic drugs · New drugs ·
Pharmacotherapy of anxiety disorders

1
Introduction

Pharmacology has provided powerful tools to characterize the neurochemical
pathwaysof stressandanxiety in thebrain, andhowthesepathwaysare involved
in the pathophysiology and treatment of anxiety disorders. In the past, this
workhas largely focusedon“classical”neurotransmitter systems, including the
synthesis, release, and metabolism of monoamines and receptor subtypes that
control presynaptic release of neurotransmitters and their postsynaptic effects.
Increasing the specificity of drugs but also the combination of mechanisms has
been pursued to improve anxiolytic drugs.

New drug targets have been generated by characterizing the importance of
hormones and second messenger systems in the pathophysiology and treat-
ment of anxiety disorders. Neuropeptides and neuroactive steroids are at least
in part synthesized and released in the brain independent from their peripheral
activity.

Combining pharmacological and psychological treatment is common in
clinical practice. However, the possible interaction of these two treatment ap-
proaches has been the subject of a long debate. A new strategy is the specific
administration of drugs to accelerate behavioral treatment. Exposure thera-
pies are central in the treatment of most anxiety disorders. Data from animal
experiments suggest that exposure therapies could become more efficient if
they would be combined with pharmacotherapy (Myers and Davis 2002; Davis
and Myers 2002) that targets, for instance, the glycine recognition site of the
N-methyl-d-aspartate (NMDA) receptor (Walker et al. 2002), the endocannabi-
noid system of the brain (Marsicano et al. 2002), or protein kinases (Lu et al.
2001; Cohen 2002). And indeed, the administration of d-cycloserine seems to
improve exposure therapy in patients with simple phobias (Ressler et al. 2004).

Reduced side effects, increased response rate, and accelerated onset of ac-
tion, as well as decreased toxicity, increased remission rates, and shortening
of treatment duration are some of the demands for new anxiolytic drugs. With
the implementation of genomics, proteomics, and pharmacogenomics, many
novel drug targets will be generated in the future. Current research strategies
for the development of new anxiolytic drugs will be highlighted.



New Pharmacological Treatment Approaches for Anxiety Disorders 505

2
Classical Neurotransmitters

The classical neurotransmitter systems targeted by anxiolytic drugs are the
serotonergic, the γ-aminobutyric acid (GABA)-ergic, and to a lesser extent the
noradrenergic system. While the tricyclic antidepressants target a plethora of
neurotransmitter systems, the selective serotonin reuptake inhibitors (SSRIs)
more or less selectively target the reuptake of serotonin (5-HT). Evidence from
depression studies suggests that combining serotonergic and noradrenergic
reuptake may improve clinical effectiveness. However, for anxiety disorders no
such studies are available at the moment

2.1
Serotonin

Modulation of the serotonergic system is a successful strategy for the pharma-
cological treatment of anxiety disorders. It is now suggested that altering sero-
tonergic neurotransmission by pharmacological manipulation is a complex
process involving presynaptic autoreceptors (5-HT1A/1D), the 5-HT reuptake
transporter site, and at least 14 different postsynaptic receptor subtypes, of
which several are suggested to be important (5-HT1A, 5-HT2A, 5-HT2C, 5-HT3)
for anxiety-related behavior (Hoyer et al. 2002).

SSRIs have been approved for the treatment of the majority of anxiety dis-
orders, except agoraphobia and specific phobia. The mechanisms of action
responsible for SSRIs’ anxiolytic activity remain to be fully delineated. Under-
standing of pre- and postsynaptic receptor regulation with chronic treatment
and cross-system effects are critical in furthering our understanding of these
drugs. Increasing specificity may improve clinical efficacy.

Recently developed specific 5-HT receptor subtype agonists and antago-
nists are now being studied in preclinical models to further elucidate their
role in anxiety modulation. Additionally, knockout strategies have improved
our knowledge of 5-HT receptors and their role in anxiety-related behavior.
However, we are only at the beginning of understanding the complex role of
the 5-HT system in anxiety disorders and their treatment. Additionally, many
of these agents fail to show significant clinical efficacy in patients with specific
anxiety disorders. Improving animal models of anxiety disorders is therefore
paramount.

The 5-HT2A receptors are strategically located on GABA-containing in-
terneurons in the deep layers of the cerebral cortex, allowing them a mod-
ulatory role and link between the noradrenergic and serotonergic systems.
These modulatory interneurons are a potential site of the anxiolytic activity
of 5-HT2A antagonists. The 5-HT2A/2C receptor antagonists ritanserin and mi-
anserin are anxiolytic in patients (Ceulemens et al. 1985; Conti and Pinde 1979)
and can block the effects of m-chlorophenylpiperazine (m-CPP) as shown in
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both preclinical (Kennett et al. 1989) and clinical (Pigott et al. 1991) studies. The
withdrawn antidepressant nefazodone possesses 5-HT2A receptor antagonistic
activity along with weak 5-HT and norepinephrine reuptake inhibition prop-
erties and has been shown to be more effective than imipramine in reducing
depression-associated anxiety and to be effective in panic disorder (Bystritsky
et al. 1999). Mirtazapine is an antidepressant with potential anxiolytic activ-
ity (Ribeiro et al. 2001); among its many effects is its ability to block 5-HT2A
receptors. Specific 5-HT2A receptor antagonists and drugs that reduce 5-HT2A
receptor density may be anxiolytic. In line with this, atypical antipsychotics
with prominent 5-HT2A receptor blockade are being studied for their potential
effects in anxiety disorder patients.

Although promising in preclinical models of anxiety, the 5-HT3 receptor
antagonist ondansetron has limited efficacy in panic disorder (Schneier et al.
1996); however, at higher doses (1 mg), ondansetron was superior to placebo
in a study of patients with generalized anxiety disorder (Freeman et al. 1997).

2.2
Noradrenaline

The noradrenergic system, originating in the locus coeruleus (LC) and other
medullary and pontine nuclei, has extensive connections with fear and anx-
iety circuits and, in addition to the hypothalamus–pituitary–adrenocortical
(HPA) system, represents the physiological response to stress. The LC projects
to the prefrontal and entorhinal cortices, the amygdala, the bed nucleus of
the stria terminalis, the hippocampus, the periaqueductal gray, the thalamus,
the hypothalamus, and the nucleus of the solitary tract (Chouros and Gold
1992). Efferents from the LC activate the sympathetic adrenomedullary and
the parasympathetic branch. Preclinical studies demonstrate that increases in
norepinephrine release in the LC, hypothalamus, and amygdala are associated
with anxiety, fear, and uncontrollable stress.

Catecholaminedepletionorα2-adrenergic receptorantagonistsbefore stress
exposure have been shown to affect frontal cortex function, as manifested by
impaired working memory (Li and Mei 1994). Preclinical studies have fur-
ther demonstrated that α1-adrenergic receptor agonists impair cognitive per-
formance, whereas α1-adrenergic receptor antagonists such as urapidil and
prazosin are capable of reversing these cognitive deficits under stress but not
under nonstressed conditions (Li and Mei 1994; Birnbaum et al. 1999). New
drugs targeting the α1-adrenergic receptor may have a use in the treatment of
specific components of anxiety-related behavior.

The effects of β-adrenergic blockade on the consolidation of traumatic
memorieshasbeenanareaof special interest for the treatmentofposttraumatic
stress disorder (PTSD), and recently the first randomized controlled study on
the effects of propranolol in the prevention of PTSD was published. Pittmann
and coworkers (2002) could demonstrate that propranolol may reduce PTSD



New Pharmacological Treatment Approaches for Anxiety Disorders 507

symptoms if treatment is started within several hours after the traumatic
event.

2.3
γ-Aminobutyric Acid

GABA is the predominant inhibitory neurotransmitter in the CNS. It is formed
by decarboxylation of glutamate, the major central excitatory amino acid,
utilizing the enzyme 1-glutamic acid decarboxylase (GAD). GABA receptors
consists of two different superfamilies: GABAA and GABAB. Traditional anxi-
olytics and sedative drugs such as barbiturates and benzodiazepines modulate
the GABAA receptors.

The pharmacological relevance of the multitude of structurally diverse
GABAA receptor subtypes has only recently been characterized. Based on
point mutation strategy, α1-GABAA receptors were found to mediate sedation,
anterograde amnesia, and part of the anticonvulsant activity, whereas α2-
GABAA receptors, but not α3-GABAA receptors mediate anxiolysis (Löw et al.
2000). “A new benzodiazepine pharmacology” therefore has been suggested
to evolve with subtype-specific ligands (Möhler et al. 2002). Targeting the α2-
GABAA receptors, which represent only 15% of all diazepam-sensitive GABAA
receptor-selective ligands, is expected to be devoid of the major side effects
that accompany the classical benzodiazepine anxiolytics.

Consequently, the first subtype-specific GABAA receptor-modulating drugs
have been developed: L-838417 failed to modulate the GABA response at α1-
receptors but enhanced the GABA response at α2-, α3-, and α5-receptors and
displayed anxiolytic and anticonvulsant activity without impairing motor per-
formance (McKernan et al. 2000). The pyrido-indole-4-carboxamide deriva-
tive SL651498 showed higher affinity for α1-, α2-, and α3-GABAA receptors
compared to α5-receptors. In addition, it acted as full agonist at α2- and
α3-receptors but as partial agonist at α1-GABAA receptors. In line with its
selectivity for the activation of α2- and α3-receptors, the compound showed
potent anxiolytic action in animal models but did not impair motor coordi-
nation or working memory (Scatton et al. 2000). Further improvements may
be achieved by focusing the ligand affinity or efficacy more specifically on
α2-receptors.

Recently, an additional GABA-ergic control component of spatial and tem-
poral memory became apparent involving α5GABAA receptors. The α5GABAA
receptor subtype has a privileged site of expression on hippocampal pyramidal
cells being located extrasynaptially at the base of the spines that receive the
excitatory input and on the adjacent shaft of the dendrite (Fritschy et al. 1998b;
Crestani et al. 2002). The α5GABAA receptors were therefore considered able
to modulate the transduction of the signal arising at excitatory synapses and,
by doing so, would operate as a control element of learning and memory in
their own right. Pharmacological modulation of the α5GABAA receptors may
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promote hippocampus-dependent learning during, for example, behavioral
treatment of anxiety disorders.

The GABA receptors have also been the target of drug development strate-
gies for the treatment of epilepsy. For this indication, several drugs have been
developed with the potential to have anxiolytic activity as well. Manipula-
tion of GABA concentrations by interfering with the reuptake or metaboliza-
tion of GABA may be another anxiolytic treatment approach. The anticon-
vulsant tiagabine increases GABA levels by selectively inhibiting the GABA
transporter-1 (GAT-1) responsible for the reuptake of GABA in the CNS. Al-
though placebo-controlled studies have to be performed, preclinical and clin-
ical studies suggest that tiagabine may be useful as an anxiolytic drug. In line,
vigabatrin, which selectively and irreversibly inhibits GABA transaminase,
seemed to be a promising antipanic drug (Zwansger et al. 2001). However, po-
tential side effects hinder the usage and further study of this antiepileptic drug.

Besides effects on calcium channels and other possible mechanisms, prega-
balin and gabapentin regulate the GABA transporter GAT-1. Although gaba-
pentin has been studied in placebo-controlled trials in several anxiety disor-
ders, including social phobia (Pande et al. 1999b) and panic disorder (Pande
et al. 2000), the results suggest no improved efficacy over SSRIs. In general-
ized anxiety disorder, pregabalin was found to have significant efficacy versus
placebo and efficacy at the end of the first week of treatment, comparable to
alprazolam (Rickels et al. 2002)

2.4
Glutamate

As the major excitatory amino acid, l-glutamic acid (glutamate) is integral
to the functioning of up to 40% of all brain synapses (Coyle et al. 2002).
Glutamate is primarily derived from intermediary glucose metabolism and
can be formed directly from glial cell-synthesized glutamine stores. Several
glutamate transporters regulate synaptic transmission and concentrations of
glutamate, with astroglial transporters providing the primary mode of inac-
tivation of glutamate in the forebrain (Maragakis and Rothstein 2001). There
is a high functional and regional diversity of the glutamate receptor subtype
combinations. Postsynaptic ionotropic glutamate receptors, such as NMDA, S-
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionicacid (AMPA), andkainate,
mediate fast excitations and synaptic plasticity associated with sodium and
calcium ligand-gated ion channels. Pre- and postsynaptic metabotropic gluta-
mate receptors modulate postsynaptic excitability and provide feedback for the
further release of neurotransmitters. The diversity in localization and function
within the glutamatergic system calls for the further identification of specific
drug targets involved in the development and treatment of anxiety disorders.

Although the neuronal basis of fear acquisition is well characterized, we
are just beginning to understand the mechanisms involved in fear inhibition,
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suppression, and unlearning. While GABA seems to be primarily involved
in the expression of fear that has already been acquired, glutamate seems to
be critically involved in plasticity underlying the development of inhibitory
learning.Preclinical studiesdemonstrate thatd-cycloserine, apartial agonist at
the strychnine-insensitive glycine binding site on the NMDA receptor complex,
facilitates extinction (Walker et al. 2002). As the first preliminary data show,
modulation of glutamatergic systems during exposure therapy may increase
the effectiveness of treatment (Ressler et al. 2004).

3
Neuropeptides

Neuropeptides are among the most promising new drug targets for anxiolytics.
They are short amino acid neuromodulators central for emotional behavior,
stress response, and anxiety-related behavior. The list of neuropeptides in-
volved in the modulation of this behavior is ever increasing. Rodents with
mutations in genes encoding neuropeptides and their receptors have been de-
veloped and behaviorally characterized. Further progress will be achieved with
time- and region-specific knockout strategies. Additionally, there is progress
in the development of specific and highly potent small-molecule neuropeptide
receptor ligands that can readily cross the blood–brain barrier, and first clinical
studies have been started.

Because neuropeptides have a more discrete neuroanatomical localization
than classical neurotransmitters, it is expected that they produce less distur-
bances of physiological processes if modulated by drugs; and antagonists are
suggested to be less likely to produce tolerance or dependency. Additionally,
these drugs are not expected to disrupt normal physiology in the absence of
neuropeptide release, i.e., activation of the system.

3.1
Corticotropin Releasing Hormone

Most studies exploring behavioral effects of CRH in animals have used intrac-
erebroventricular or site-specific effects of corticotropin-releasing hormone
(CRH), and all agree that CRH mediates numerous anxiogenic and fear-related
aspects of stress. These include the CRH-induced potentiation of acoustic star-
tle, suppression of social interaction, and an increase in stress-induced freezing
behavior (Dunn and Berridge 1990). This is further supported by transgenic
mice overexpressing CRH: These mice have deficits in emotionality and were
used as a genetic model of anxiogenic behavior (Stenzel-Poore et al. 1994).

Decreased CRH neurotransmission has been studied by administering anti-
sense oligodeoxynucleotides corresponding to the start-coding region of CRH
mRNA. The application of this kind of gene therapy to stressed rats produced
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a decrease in CRH biosynthesis and led to the reduction of anxiety-related
behavior (Skutella et al. 1994). Comparison of the behavioral effects of anti-
sense probes that were either directed against CRH-R1 or against -R2 receptor
mRNA suggested that CRH-R1 is more likely to convey anxiety-related, and
possibly depression-related, signaling (Liebsch et al. 1999; Skutella et al. 1998).
Complementary evidence was provided by the generation of CRH-R1 receptor-
deficient mouse mutants, which proved to be less anxious than normal mice
(Smith et al. 1998; Timpl et al. 1998). Conflicting results with respect to anxiety-
like behavior were described for CRH-R2 receptor knockout mice (Kishimoto
et al. 2000; Bale et al. 2000).

The most straightforward strategy to restrain the anxiogenic and depresso-
genic effect of excessive CRH production and release is the administration of
CRH-R1 antagonists. One of these compounds (R121919), a pyrazolopyrimi-
dine, has been tested: In the first open label trial with this substance, depressed
patients had significantly reduced depression and anxiety scores as was seen
in both clinician and patient ratings, suggesting that this type of compound
may have considerable therapeutic potential (Zobel et al. 2000). The further
development of this drug was stopped due to potential side effects. However,
other nonpeptidergic CRH-R1 antagonists have been developed and are be-
ing studied now. Although especially promising, to date there are no data on
the therapeutic potential of CRH-R1 antagonists in the treatment of anxiety
disorders.

3.2
Arginine Vasopressin

The nonapeptide vasopressin (AVP) is synthesized in the paraventricular nu-
cleus of the hypothalamus (PVN) and the nucleus supraopticus. Besides its
role in fluid regulation, AVP is also a key modulator of the HPA system, where
it potentiates the effects of CRH on adrenocorticotropic hormone (ACTH) re-
lease. Extrahypothalamic AVP-containing neurons are localized in the medial
amygdala and the bed nucleus of the stria terminalis. AVP applied intracere-
broventricularly or to the lateral septum has been shown to affect cognition,
social behavior, and anxiety-like behavior in rodents (Insel et al. 2001).

In the brain, the effects of AVP are mediated through G protein-coupled
receptors (V1A and V1B). The V1A is expressed in the amygdala, septum,
and hypothalamus (Ostrowski et al. 1992; Tribollet et al. 1999). While the
V1B receptor is primarily localized in the anterior pituitary, it has also been
detected in various brain areas, including the amygdala, the hypothalamus,
and the hippocampus (Lolait et al. 1995; Hernando et al. 2001) and has re-
cently been shown—in addition to the V1A receptor (Landgraf et al. 1995)—
to be involved in the regulation of anxiety-related behavior (Griebel et al.
2002). V1B receptor knockout mice, however, did not differ in elevated plus
maze-related parameters from their wildtype littermates (Wersinger et al.
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2002), raising concerns about possible developmental confounds. The V2 re-
ceptor is found in the kidney and is responsible for the antidiuretic effects
of AVP.

The first nonpeptide V1A or V1B receptor antagonists have been developed
and are now being studied for their potential anxiolytic and antidepressant
activity. SSR149415 is such a promising compound (Griebel et al. 2002; Serran-
deil et al. 2002), which needs an activated stress response for its activity and
which has yet to be studied in patients.

3.3
Atrial Natriuretic Peptide

Whereas several peptides besides AVP are known to act synergistically with
CRH, the only peptide candidate in humans that inhibits the HPA system at
all regulatory levels of the system seems to be atrial natriuretic peptide (ANP).
ANPhasbeenshownto inhibit the stimulated releaseofCRHandACTHinvitro
and in vivo. This could be observed in humans as well, where ANP inhibits the
CRH-induced ACTH (Keller et al. 1992), prolactin (Wiedemann et al. 1995),
and cortisol secretion (Ströhle et al. 1998). ANP is not only synthesized by
atrial myocytes (deBold et al. 1985) and released into the circulation, but is
also found in neurons of different brain regions (Tanala et al. 1984) where
specific receptors have been found. ANP receptors and immunoreactivity have
been found in periventricular and paraventricular hypothalamic nuclei, the
LC, and the central nucleus of the amygdala.

Intracerebroventricular administration of ANP elicited anxiolytic activity
in the open field, the social interaction, and the elevated plus maze tests (Biro
et al. 1999; Bhattacharya et al. 1996). The effects of central and peripheral
administration of atriopeptin II, a 23 amino acid residue peptide of ANP,
was furthermore investigated in the elevated plus maze test in rats previously
exposed to a social defeat stress. Results show that the intracerebroventricular,
intra-amygdala, and intraperitoneal administration of atriopeptin II produced
anxiolytic effects without affecting spontaneous locomotor activity (Ströhle
et al. 1997).

In patients with panic disorder, basal ANP concentrations are lower when
compared to healthy control subjects, but ANP concentrations are faster and
more pronounced during experimentally induced panic attacks (Kellner et al.
1995). In line with these findings, there is evidence for an anxiolytic activity
of ANP in humans: ANP decreases CCK-4-induced panic anxiety in patients
with panic disorder (Ströhle et al. 2001) and healthy control subjects, and
attenuates HPA system activity by decreasing ACTH and cortisol stimulation
(Wiedemannet al. 2001).ModulationofANPconcentrationsornonpeptidergic
ANP receptor ligands may be ultimately used in the pharmacological treatment
of anxiety disorders, such as panic disorder.
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3.4
Cholecystokinin

The neuropeptide cholecystokinin (CCK) is an octapeptide found regionally
in the gastrointestinal tract and brain (brain–gut peptide), where it acts as
a neurotransmitter and neuromodulator. Its most abundant form in the brain
is the C-terminal sulfated octapeptide fragment CCK-8, which interacts with
the same affinity with both CCK receptor subtypes CCK-A and CCK-B. With
a distinct distribution, CCK has been found to be colocalized with a number
of classical neurotransmitters such as GABA, dopamine, and 5-HT. Extensive
pharmacological studies during the past few years suggest that CCK may
participate in the neuroendocrine responses to stress (e.g., Harro et al. 1993;
Daugé and Léna 1998).

Together with CRH, CCK belongs to the most extensively studied neuropep-
tides in anxiety models. Generally, CCK is thought to induce anxiogenic-like
effects, although the results of those animal studies have been highly variable
and sometimes contradictory (Griebel 1999). As has recently been shown in
CCK receptor gene knockout mice, however, the role of the receptor subtypes
in anxiety-related behavior is still controversial (Miyasaka et al. 2002).

CCK-8 concentrations were found to be lower in panic patients than in
normal control subjects (Brambilla et al. 1993), and the CCK-B receptors were
hypersensitive in panic disorders (Akiyoshi et al. 1996). A significant associa-
tion between panic disorder and a single nucleotide polymorphism found in
the coding region of the CCK-B receptor gene has been reported (Kennedy
et al. 1999). If confirmed by replication, these data would suggest that a CCK-B
receptor gene variation may be involved in the pathogenesis of panic disorder.

CCK-B receptor agonists such as pentagastrin or CCK-4 have panic-like
anxiogenic effects in humans. Panic disorder patients are more sensitive than
healthy controls to the anxiogenic effects of CCK-4 (e.g., DeMontigny et al.
1989). Pretreatment with a CCK-B receptor antagonist is able to reverse both
theautonomicandanxiogeniceffectsofpentagastrin (Linesetal. 1995).Clinical
trials,however,haveprovidedratherdisappointingand inconclusivedataabout
the anxiolytic potential of the CCK-B antagonists available so far (Kramer et al.
1995; Shlik et al. 1997; Pande et al. 1999a). Bioavailability has been discussed
as a problem with the currently available compounds.

3.5
Neuropeptide Y

Neuropeptide Y (NPY) is one of the most common neuropeptides and it has
at least three identified receptors (Y1, Y2, and Y5); Y1 and Y2 are G protein-
coupled receptors. NPY receptors are located in a wide range of brain regions,
including the cortex and several subcortical structures involved in fear neu-
rocircuitry such as the amygdala, the hypothalamus, and brain stem nuclei
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(Dumont et al. 1995). Activation of Y1 and Y5 receptors in the basolateral
amygdala produces dose-dependent anxiolytic-like effects in rodents (Heilig
et al. 1993). In contrast, presumably through presynaptic inhibition of NPY
release, Y2 receptor activation is anxiogenic (Sajdyk et al. 2002). The anxiolytic
effects of NPY are reversed by α2-adrenergic receptor antagonists, but not
by GABAA receptor ligands, implicating the noradrenergic system in NPY’s
anxiolytic effects.

Mutantmice lackingNPYshowincreasedanxiety-relatedbehavior (Palmiter
et al. 1998); a full description of the behavioral phenotype of NPY receptor-null
mutant mice is not available yet. However, data from Y2 receptor-null mutants
support an anti-stress activity of NPY (Tschenett et al. 2003). In addition to the
anxiolytic and anti-stress effects of NPY, a relationship to alcohol intake has
been described. Voluntary ethanol consumption is increased in NPY and Y1
receptor-null mutant mice, whereas either NPY overexpression or potentiation
of NPY signaling through blockade of Y2 receptors suppresses rodent alcohol
intake (Thiel et al. 1998, 2002; Thorsell et al. 2002). Thus, in addition to anxiety
and depression, alcohol dependency may be a promising clinical field for newly
developed NPY receptor ligands.

3.6
Tachykinins and Substance P

The peptide tachykinins are widely distributed throughout the brain, spinal
cord, and peripheral nervous system. Although research has primarily focused
on pain and inflammation, it was well known that tachykinins are located in
brain areas implicated in the pathophysiology of mood and anxiety disorders.
Since its discovery in the 1930s, the 11 amino acid peptide substance P has
been one of the most extensively studied neuropeptides. Its effects are medi-
ated through G protein-coupled tachykinin (NK1) receptors, while neurokinin
shows greatest affinity for the NK3 receptor. Substance P is frequently co-
localized within neurons containing other neurokinins or neurotransmitters,
such as GABA, dopamine, glutamate, 5-HT, and acetylcholine, often influenc-
ing their synaptic release (Otsuka and Yoshioka 1993).

A great number of preclinical studies describes anxiogenic effects of sub-
stance P (Commons and Valentino 2002), and anxiolytic effects of NK1 antag-
onists (Vassout et al. 2000). Disruption of the NK1 receptor by knockout tech-
niques results inmicewith reducedanxiety in response to stress (Santarelli et al.
2001), and it has been suggested that the effects of substance P on 5-HT and opi-
oid transmission within the periaqueductal gray-dorsal raphé regions may be
indirectly mediated through glutamatergic neurons (Commons and Valentino
2002). Additionally, it has been hypothesized that the anxiolytic effects of NK1
receptor antagonists are a result of a reduced autoinhibition of the LC.

With the development of highly specific NK1 receptor antagonists, clinical
studies could be started and despite negative results in pain studies, two trials
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show an antidepressant activity of the NK1 receptor antagonists MK0869 and
L759274 (Kramer et al. 1998). However, to date there are no clinical studies
published of NK1–3 receptor antagonists in patients with anxiety disorders.

3.7
Galanin

The 29–30 amino acid neuropeptide galanin coexists with noradrenaline in
the LC, and with 5-HT in the nucleus dorsalis raphé where it has been shown
to act as an inhibitory neuromodulator. Galanin and its receptors are found
in limbic regions including the amygdala, BNST, hippocampus, and hypotha-
lamus. The three known G protein-coupled receptor subtypes (GAL1–3) have
a differential localization in the brain and the periphery, suggesting that the
subtypes mediate differential functional effects of galanin.

Galanin mediates the neuronal, neuroendocrine, and sympathetic response
to stress, and it has been shown that stress upregulates the galanin gene expres-
sion in the hypothalamus, amygdala, and LC (Holmes et al. 2003). Moreover,
exogenous galanin and peptidergic galanin receptor antagonists modulate anx-
iety in a region- and task-specific manner (Bing et al. 1993; Moller et al. 1999).
Under stress and high noradrenergic activity, endogenous galanin in the amyg-
dala has been associated with anxiogenic effects (Morilak et al. 2003). Mutant
mice with a conditional overexpression of galanin in noradrenaline-containing
neurons are relatively insensitive to the anxiogenic effects of a noradrenaline
challenge (Holmes et al. 2002), while GAL1 receptor-null mutant mice selec-
tively show increased anxiety-like behavior under stressful conditions (Wrenn
et al. 2001).

Although our understanding of the role of galanin in stress and anxiety is
at an early stage, preclinical studies suggest that targeting the galanin system
might be of therapeutic benefit in disorders where noradrenergic overactivity
is pathophysiologically relevant.

4
Further Anxiolytic Drug Targets

4.1
Neuroactive Steroids

In the last decade, considerable evidence has emerged that certain steroids may
alter neuronal excitability via their action at the cell surface through interaction
with certain neurotransmitter receptors. For steroids with these particular
properties, the term “neuroactive steroids” has been used (Majewska et al.
1986; Paul and Purdy 1992; Rupprecht and Holsboer 1999).

The first behavioral observations related to these steroids date back to Se-
lye, who over 50 years ago reported that progesterone and deoxycorticosterone
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(DOC) have a strong sedative action through their A ring-reduced metabolites.
These two steroids, 3α,5α-tetrahydroprogesterone (3α,5α-THP) and 3α,5α-
tetrahydrodeoxycorticosterone (3α,5α-THDOC), bind at GABAA receptors to
enhance GABA-induced chloride currents. In rats, 3α,5α-THDOC and 3α,5α-
THP are elevated in cortical and hypothalamic tissue after stress (Paul and
Purdy 1992), and they have been shown to be anxiolytic and hypnotic, respec-
tively, as predicted by electrophysiology, where a benzodiazepine-like action
was demonstrated (Rupprecht et al. 1993). Interestingly, 3α,5α-THP dampens
the activity of the HPA system and counteracts CRH-induced anxiety. In addi-
tion, neonatal treatment of rats with 3α,5α-THDOC abolishes the behavioral
and neuroendocrine consequences of adverse early life events (Patchev et al.
1997). Several other neuroactive steroids have opposite effects. For example,
the sulfated form of pregnenolone has been observed to antagonize GABAA
receptor-mediated chloride currents by reducing the channel-open frequency
(Majewska et al. 1986), being therefore proconvulsant.

A new line of research in regard to the mechanisms of antidepressant drugs
was stimulated by the observation that in animal studies the SSRI fluoxetine,
which is widely used for the treatment of depression and anxiety, may enhance
the concentrations of 3α,5α-THP in the rat brain (Uzunov et al. 1996). At
the molecular level it has been demonstrated that SSRIs shift the activity
of the 3α-hydroxysteroid oxidoreductase, which catalyzes the conversion of
5α-DHP into 3α,5α-THP, towards the reductive direction, thereby enhancing
the formation of 3α,5α-THP (Griffin et al. 1999). Additionally, 3α,5α-THP
has been suggested to possess antidepressant-like effects in mice using the
Porsolt forced swim test (Khisti et al. 2000). These preclinical findings suggest
that 3α-reduced neuroactive steroids such as 3α,5α-THP may play a role in
treatment with antidepressant drugs. Indeed, the concentrations of GABA
agonistic neuroactive steroids 3α,5α-THP and 3α,5β-THP were reduced in
plasma of depressed patients, while there was an increase in 3β,5α-THP, an
antagonistic isomer of 3α,5α-THP (Romeo et al. 1998; Uzunova et al. 1998). In
contrast to preclinical data, tri- and tetracyclic antidepressants also interfered
with the composition of neuroactive steroids, in a similar way to SSRIs (Romeo
et al. 1998). In addition, antidepressants do not generally shift the activity of
the 3α-hydroxysteroid oxidoreductase towards the reductive direction. The
concentrations of 3α,5α-THDOC were elevated during depression, probably
as a consequence of hypercortisolemia, and reduced by fluoxetine (Ströhle
et al. 2000), but not by tri- or tetracyclic antidepressants (Ströhle et al. 1999).
Thus, the effects of antidepressants on neuroactive steroids also appear to be
substrate specific.

While no data on the role of 3α-reduced neuroactive steroids in PTSD or
its treatment in panic disorder patients have been published to date, oppo-
site changes to those seen in major depression have emerged. At baseline,
patients with panic disorder had significantly increased concentrations of the
positive allosteric modulators 3α,5α-THP and 3α,5β-THP, together with sig-
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nificantly decreased concentrations of 3β,5α-THP, a functional antagonist for
GABAA agonistic steroids, which might result in an increased GABA-ergic
tone. SSRI treatment did not influence these changes of neuroactive steroid
concentrations (Ströhle et al. 2002). Most strikingly, during experimentally
induced panic attacks, drastic changes of neuroactive steroid concentrations
occurred, paralleling psychopathological changes and resulting in a dramati-
cally reduced GABA-ergic tone (Ströhle et al. 2003), supporting the assertion
that the increased baseline concentrations of GABAA agonistic neuroactive
steroids may serve as a counterregulatory mechanism against the occurrence
of spontaneous panic attacks. When attempting to pharmacologically modify
the equilibrium of neuroactive steroids as a treatment for psychiatric disor-
ders (Guidotti and Costa 1998), consideration must also be given to baseline
concentrations and possible counterregulatory mechanisms.

4.2
Neurotrophic Factors and Second Messenger Systems

The stress dependency and the dynamic—in most cases chronic—nature of
anxiety disorders along with the anxiolytic activity of antidepressant drugs
suggest that neuronal plasticity plays a role in the pathophysiology and treat-
ment of anxiety disorders. Antidepressants regulate intracellular signaling
pathways and induce molecular, cellular, and structural changes. In addition,
signal proteins such as cyclic AMP response element binding protein (CREB)
have been implicated in fear conditioning and extinction processes.

Over the past decade, new drug targets have been identified through an
increased understanding of the signal transduction pathways involved in
monoamine-based therapies. For example, most antidepressants stimulate
adenylyl cyclase through G protein-coupled receptors, such as β-adrenergic
and 5-HT4,6,7. Elevated levels of cyclic adenosine monophosphate (cAMP) are
known to stimulate the cAMP-dependent protein kinase A (PKA), which reg-
ulates the phosphorylation of specific proteins such as CREB. Duman and
coworkers (1997) hypothesized that activated CREB, resulting from chronic
antidepressant treatment, increases concentrations of mRNA encoding brain-
derived neurotrophic factor (BDNF) in the hippocampus. BDNF has been
shown to protect 5-HT and dopamine neurons against insult and the dam-
aging effects of stress. Although the transcriptional control of BDNF mRNA
in the CNS is complex (Timmusk et al. 1993), AMPA receptor activation is
known to increase BDNF mRNA (Zafra et al. 1990). Novel AMPA potentiators
such as LY392098 increase the expression of BDNF and have, at least in animal
models, an antidepressant-like effect (Li et al. 2001). In addition, the selective
phosphodiesterase type IV inhibitor rolipram had anxiolytic (Griebel et al.
2001) and antidepressant activity (Duman et al. 2000). Because of nausea as
a side effect, this drug was not further developed.
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The cellular mechanisms underlying fear conditioning and extinction in-
volve additional signaling pathways which we are only beginning to under-
stand. LeDoux and coworkers characterized the cellular events during fear
conditioning including calcium entry through both NMDA receptors and L-
type voltage-gated calcium channels in the lateral amygdala as a result of the
associative pairing of condition stimuli (CS) and unconditioned stimuli (US)
(Bauer et al. 2002). They suggest a role of Ca2+ entry through NMDA receptors
in short-term memory and Ca2+ entry through L-type voltage-gated calcium
channels in long-term memory formation. Subsequent activation of protein
kinases and extracellular signal-regulated kinase (ERK)/mitogen-activated
protein kinase (MAPK) are thought to contribute to CREB phosphorylation
and CREB-dependent gene expression (Dolmetsch et al. 2001). The resulting
changes in RNA and protein synthesis are thought to represent the synaptic and
behavioral plasticity that is experimentally observed as long-term potentiation
(LTP) and conditioned fear memory. The extinction of fear memory is an active
process, presumably utilizing similar mechanisms as those used in the acqui-
sition of conditioned fear. Extinction is facilitated by enhanced signaling via
NMDA receptors, PKA, MAPK, and calcium-calmodulin kinase II (CaMKII)
(Szapiro et al. 2003). Phosphatase activity (Mansuy et al. 1998) and calcineurin
(Lin et al. 2003) seem to be also crucially involved in memory extinction. As
we further understand the intracellular and molecular mechanisms of the fear
response and its extinction and habituation, new pharmacological drug targets
can be developed for patients with anxiety disorders.

4.3
Nitric Oxide

Nitric oxide (NO) and carbon monoxide are atypical neurotransmitters. They
are not stored in synaptic vesicles, are not released in by exocytosis, and do not
act at postsynaptic membrane receptor proteins. NO is generated in a single
step fromtheaminoacidarginine through theactionof theNOsynthase (NOS).
The form of NOS initially purified was designated nNOS (neuronal NOS), the
macrophage form is termed inducible NOS (iNOS), and the endothelial from
is called eNOS.

NOS-containing neurons have a very discrete localization in the CNS, repre-
senting only 1% of neuronal cells. However, their axons ramify so extensively
that virtually every cell in the brain may encounter a NOS nerve terminal. As
a diatomic gas, NO is freely diffusible and thus can readily enter adjacent neu-
ronal cells. Once inside the target cell, NO binds the iron in heme contained
within the active site of soluble guanylyl cyclase, activating the enzyme to
form cyclic guanosine monophosphate (GMP). The activity of NO is therefore
mediated by an “enzyme receptor.” In neurons, NO is formed in response to
calcium influx reminiscent of calcium-dependent exocytotic release of neuro-
transmitters.
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Insight into a physiological role for NO in the brain comes from behavioral
studies of nNOS knockout mice. Depending on testosterone, these mice were
extremely aggressive (Nelson et al. 1995; Kriegsfeld et al. 1997). Kandel and
coworkers coulddemonstrate thatNOplays alsoa role in learningandmemory:
Mice with a deletion of both eNOS and nNOS show a clear decrease of long-
term potentiation (Son et al. 1996). Stroke damage is markedly reduced after
treatment with NO inhibitors and nNOS knockout mice (Huang et al. 1994).
Additionally, glutamate neurotoxicity is diminished in cultures from nNOS
knockout mice or after treatment with NO inhibitors (Dawson et al. 1996),
giving evidence for a role of NO in stroke.

NO has also been implicated in the anxiolytic effects of GABAA receptor
activation and the behavioral effects of the anesthetic gas nitrous oxide: Phar-
macological inhibition of NOS can decrease the anxiolytic effects of a ben-
zodiazepine, a GABAA receptor agonist, or nitrous oxide (Caton et al. 1994)
and inhibition of NO function has a similar effect (Li et al. 2003), with the
nNOS being implicated in this effect (Li et al. 2001). In the absence of other
anxiety-modulating drugs, anxiolytic (Vale et al. 1998) and anxiogenic (Dunn
et al. 1998) effects have been described in studies of pharmacological inhibition
of NOS.

5
Pharmacogenomics and Pharmacoproteomics

The progress made in genome research raises the question of whether the
new knowledge will eventually lead to better anxiolytics. Besides hypothesis-
driven research to identify new drug targets, the future will bring an upsurge of
systematic research in biotechnology-driven drug discovery efforts. A further
specification of the clinical phenotype including neuroendocrine, neuropsy-
chological, neurophysiological, neuroimaging, and treatment response data
will have to be correlated with data from genotyping studies. To achieve the
goal of genotype-/phenotype-based differential therapy, large-scale efforts,
including large sample sizes and genotyping capacities, are needed.

Despite all the shortcomings of the currently available pharmacogenetic
studies, this field holds promise for the future of anxiolytic drug therapy.
The pharmacokinetics of anxiolytic drugs involves cytochrome P-related me-
tabolization and P-glycoprotein activity. Pharmacogenomics may allow us to
develop sets of single nucleotide polymorphisms (SNPs) that could be com-
bined into easily used assays that will rapidly classify patients according to
their likely response to pharmacotherapy. Psychiatrists could then base the
treatment decision on more objective parameters then the ones used today.
This will limit unwanted side effects, adverse drug reactions, and could re-
duce response times. A more individualized pharmacotherapy will then be
possible.
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Pharmacogenomics might also lead to a better understanding of the mech-
anism of action of antidepressant and anxiolytic drugs. The identification
of novel candidate genes would allow the development of novel drug targets
and therapeutic compounds. One might also identify subgroups of patients in
which different pathophysiological changes lead to the development of specific
anxiety disorders. In this way, an individual targeting of the pathological path-
way may be realizable, again shortening time to response and reducing side
effects.

6
Conclusions

As we are beginning to understand the pathophysiology and treatment of anx-
iety disorders, new drug targets are being identified. They include classical
neurotransmitters as well as neuropeptides and neuroactive steroids. Novel
neurotransmitters such as NO, neurotrophic factors, and second messenger
systems may eventually also be targeted by new anxiolytic drugs. In addi-
tion, pharmacogenomics and pharmacoproteomics will further improve drug
development and treatment.
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Abstract So far no pharmacogenetic/genomic study has been conducted specifically for
anxiety disorders. Some of the presented results, however, do pertain to such disorders.
For example, pharmacokinetic aspects of antidepressant drug therapy likely also apply to
patients with anxiety disorders, and several genetic polymorphisms in the cytochrome
P450 (CYP) gene family and drug transporter molecules, such as the multidrug resistance
(MDR) gene type 1, have been reported to influence the pharmacokinetics of antidepressant
drugs. At this stage of pharmacogenomics research, it is difficult to interpret the relevance of
pharmacodynamic–genetic association studies conducted in depressed patients for anxiety
disorders. A number of studies have reported an influence of polymorphisms of genes
mostly in the serotonergic pathway on the response to antidepressant drugs in patients
suffering from depression. In order to know whether they can be extrapolated to patients
with anxiety disorders, clinical studies are warranted. Despite all the shortcomings of
the currently available pharmacogenetic studies, this field holds great promise for the
treatment of anxiety disorders. In the future, psychiatrists may be able to base treatment
decisions (i.e., the type and dose of prescribed drug) on more objective parameters than
only the diagnostic algorithms used now. This will limit unwanted side effects and adverse
drug reactions, and could reduce time to response, resulting in a more individualized
pharmacotherapy.
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1
Introduction

Pharmacotherapy is an effective therapeutic approach for anxiety disorders,
and benzodiazepines and antidepressant drugs, including tricyclic antide-
pressants (TCA), selective serotonin reuptake inhibitors (SSRIs), monoamine
oxidase (MAO) inhibitors, and others, are routinely prescribed in adjunc-
tion to psychotherapeutic approaches. While benzodiazepines and antide-
pressants drugs have proven anxiolytic effects (see previous chapters), sev-
eral drawbacks have to be considered for each class. Benzodiazepines are
rapidly effective against the acute symptoms of anxiety or panic attacks;
however, their prolonged use can lead to the development of dependence
and tolerance, and exaggerated sedation is a bothersome side effect. An-
tidepressant drugs do not appear to induce dependence, but the onset of
their anxiolytic action is often delayed by weeks. In addition, these drugs
can be associated with a variety of side effects, ranging from dry mouth,
to weight gain, to sexual dysfunction. Furthermore, not all patients respond
favorably to antidepressant therapy. In the absence of biologically based treat-
ment guidelines, the right antidepressant can only be determined by trial and
error.

Drug response can be influenced by a variety of factors, including envi-
ronmental (for example nutrition and co-administered drugs) and genetic
factors. Since the 1950s, inherited differences in drug response have been
described (Roden and George 2002; Weinshilboum 2003) for a variety of dif-
ferent compounds, establishing the field of pharmacogenetics and later phar-
macogenomics. While pharmacogenetics refers to gauging the effect of single
genes, pharmacogenomics describes the use of genome-wide approaches to
elucidate individual differences in the outcome of drug therapy, including
both adverse events and drug response. These terms, however, are often used
interchangeably.

1.1
The Sequence of the Human Genome

The knowledge of the sequence of the human genome, which has been pub-
licly available to all researchers since February 2001 (Lander et al. 2001; Ven-
ter et al. 2001), has dramatically changed the possibilities for genetic ap-
proaches. It is now possible to screen the whole genome in a hypothesis-
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free approach for any association with drug response. To be able to inves-
tigate the whole genome, frequent and evenly distributed genetic markers
are needed. In the last few years, single nucleotide polymorphisms (SNPs)
have become the most promoted genetic markers for complex or common
phenotypes (Collins et al. 1999; Kwok and Chen 1998; Risch and Merikangas
1996). These polymorphisms consist of a single base exchange and occur on
average every 500–1,000 bp. SNPs can either be functionally relevant them-
selves or serve as markers for other nearby mutations with which they are
in linkage disequilibrium (Brookes 1999). In a combined effort of academic
and corporate research, over 1.4 millions SNPs have been identified so far
(Sachidanandam et al. 2001) and are publicly available [e.g., SNP database
of the NIH, dbSNP or HGBASE (Brookes et al. 2000; Smigielski et al. 2000)].
Of them, 60,000 are located in the coding region of genes. A main advantage
of using SNPs as genetic markers is that they can be genotyped using high
throughput methods, allowing for the rapid and affordable investigation of
many SNPs, which is indispensable for a genome-wide approach (Kwok 2000;
Syvanen 2001). With a total of presumably at least 3 million SNPs, the re-
alization of a genome screen covering all genes using these single markers
could necessitate genotyping hundreds of thousand of SNPs/individual (Carl-
son et al. 2001; Kruglyak 1999). So far, this is not readily realizable in most
laboratories due to limitations in throughput capacities and the exorbitant
cost. Two main approaches have so far been put forward to overcome these
restrictions.

The first is the establishment of SNP-haplotype maps of the whole genome.
Thesehaplotypes represent a sequenceofSNPalleleson the samechromosome.
Within a given haplotype, SNP alleles are derived from the same ancestral
chromosome. Recent studies have shown that the genome is likely structured
into distinct larger haplotype blocks (up to hundreds of base pairs), suggesting
theexistenceofhotspotsof recombination.Genotypingonlya fewof theseSNPs
within a haplotype could be sufficient to represent all SNPs contained in this
block. A haplotype map would make finding candidate genes a manageable
task. Instead of searching through millions of SNPs, genotyping 10,000–50,000
SNPs that are characteristic for all existing haplotype blocks would allow us to
cover the whole genome (Cardon and Abecasis 2003; Judson et al. 2002) (see
Fig. 1).

Another possible approach is to identify candidate genes using genome-
wide analyses of changes in mRNA expression using so called “microarrays”
(Lockhart and Winzeler 2000). Microarrays allow researchers to investigate
changes in mRNA expression patterns following certain treatments or in dif-
ferent conditions in parallel from all genes. Results from these studies may
be useful in the identification of novel candidate genes. Another important
tool for the discovery and validation of novel candidate genes, proteomics, is
discussed in detail in the following chapter (see Turck, this volume).
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Fig.1 Expression profiling of antidepressant-induced changes using complementary (c)DNA
microarrays. Messenger (m)RNA is extracted from the brains of animals either treated with
antidepressants or vehicle. mRNA is then transcribed into cDNA and labeled with a different
fluorescent dye for each condition. The labeled cDNA from both conditions is then applied to
the microarray in equal amounts. Genes in which expression is upregulated in the treatment
condition will lead to more of the cDNA labeled with one fluorescent dye hybridizing to
the spot where the complementary sequences have been deposited. The amount of each
fluorescent dye on each spot are quantified, allowing investigators to assess whether gene
expression has been upregulated (gene A), downregulated (gene B), or not been affected
(gene C) by the treatment

1.2
General Issues on the Pharmacogenomics of Anxiety and Anxiolytic Drugs

As mentioned above, not all patients treated with anxiolytic or antidepressant
drugs respond favorably to these treatments. There is some evidence from
family studies that suggests an important contribution of genetic factors. Al-
ready in the early 1960s, studies on the effects TCAs were conducted in families
(Angst 1961; Pare et al. 1962). O’Reilly et al. (1994) reported a familial ag-
gregation of response to tranylcypromine, a MAO inhibitor in a family with
eight members affected with major depression over two generations. These
initial case reports were followed by only a few systematic studies. A study
by Franchini et al. (1998) indicated a possible genetic basis of response to the
SSRI fluvoxamine in 45 pairs of relatives. In light of these data, some groups
have used response to a certain antidepressant drug or mood stabilizer as
an additional phenotype in classical linkage analyses for mood disorders in
the hope of identifying genetically more homogeneous families (Serretti et al.
1998; Turecki et al. 2001). Nonetheless, family studies supporting a genetic
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basis of response to antidepressants and even more so anxiolytic drugs are
sparse, certainly due to difficulties in collecting such samples.

To date, no pharmacogenomic or pharmacogenetic studies have been ex-
plicitly performed in anxiety disorder. Nonetheless, general pharmacokinetic
as well some pharmacodynamic genetic aspects of anxiolytic drugs and an-
tidepressants may also pertain to anxiety disorders. Pharmacokinetics refers
to processes influencing the delivery of a drug to the target, including ab-
sorption, distribution, metabolism, and elimination. Several genetic polymor-
phisms in key genes of this pathway, including the cytochrome P450 (CYP)
gene family (oxidation of compounds), N-acetyl transferase (N-acetylation),
thiopurine methyltransferase (conjugation), and drug transporter molecules,
such as genes from the multidrug resistance (MDR) gene family, have been re-
ported to influence the pharmacokinetics of drugs (see Roden and George 2001
for review). For anxiolytic drugs, especially antidepressants, pharmacokinetic
influences of genetic polymorphisms in certain CYP genes have been reported,
and preclinical data strongly suggest a regulation of intracerebral antidepres-
sant drug concentrations by P-glycoprotein, the product of the MDR1 gene
(Rasmussen and Brosen 2000; Steimer et al. 2001; Uhr et al. 2000). The term
pharmacodynamics encompasses all processes influencing the relationship
between the drug concentration and the resulting effect. Here direct genetic ef-
fects of target molecules of antidepressant drugs such as polymorphisms of the
serotonin transporter (SERT) and indirect genetic effects of polymorphisms in
molecules not primarily targeted by these drugs such the Gβ3 G protein subunit
gene have been reported for anxiolytic drugs (Serretti et al. 2002; Staddon et al.
2002; Steimer et al. 2001). In the following sections, we will elaborate on previ-
ous findings in the genetics of the pharmacokinetics and pharmacodynamics
of antidepressant drugs and their relevance to anxiety disorders. We will also
expand on the possibilities of pharmacogenomic studies in the prediction of
drug response in anxiety disorders, and finally we will briefly summarize the
potential of pharmacogenomics in the discovery of novel anxiolytic agents.

2
Pharmacokinetic Aspects

2.1
The Cytochrome P450 Gene Family

Approximately 50 CYP enzymes, which are haem proteins, have been identi-
fied thus far. In humans there are about 10 important drug-metabolizing CYP
genes. These are mainly expressed in the smooth endoplasmatic reticulum
of the hepatocytes, but can also be found in gut mucosa, kidney, lung tissue,
skin, and in the brain. Of these, CYP2D6, CYP2C19, CYP3A4, and CYP1A2
are important in the metabolism of antidepressant drugs and benzodiazepines
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(Staddon et al. 2002; Steimer et al. 2001) (see Table 1 for more details). Most
studies so far have focused on the role of CYP2D6 in the pharmacokinetics of
antidepressant drugs. Over 70 functionally different alleles have been reported
for CYP2D6, more than 15 of these encode an inactive or no enzyme at all,
while others consist of gene duplications (Bertilsson et al. 2002). According
to the inherited alleles, individuals can thus be grouped into poor (PM), in-
termediate (IM), extensive (EM), and ultra-rapid metabolizers (UM) (Nebert
and Dieter 2000). An increased risk of toxic reactions has been reported in
PM due to overdosing, while certain drugs may not reach therapeutic plasma
concentrations in UM due to underdosing. The proportion of different types
of metabolizers in a population varies with ethnicity, so that 7% of Caucasians
but only 1% of Asians are PM. In addition, there are several population-specific
alleles, only encountered in certain ethnicities (Bertilsson et al. 2002).

Dalen et al. (1998) reported a close correlation between the number of
functional CYP2D6 gene copies and plasma levels of the TCA nortriptyline.
From these single-dose experiments, Bertilsson et al. (2002) extrapolated that
patients with no or only one functional copy of the gene would already reach
therapeutic plasma levels with starting doses for nortriptyline and would eas-
ily reach potentially toxic concentrations with high-normal doses. Patients
with 2–4 copies on the other hand would require high-normal doses to even
reach therapeutic plasma levels. In the case of the one reported patient with 13
gene copies, even high-normal doses would not be sufficient for clinically
relevant plasma concentrations. Similar polymorphism/plasma concentration
correlations have been reported for the SSRI paroxetine (Ozdemir et al. 1999;
Sindrup et al. 1992) and the combined serotonin norepinephrine reuptake

Table 1 Cytochrome P450 (CYP) isoenzymes and metabolism of antidepressant and anxi-
olytic drugs and important inhibitors and inductors

CYP isoenzymes CYP1A4 CYP2C CYP2D6 CYP3A4

Substrates Imipramine;
clomipramine;
fluvoxamine

Amitriptyline;
clomipramine;
imipramine;
moclobemide;
diazepam

Fluoxetine;
fluvoxamine;
paroxetine;
venlafaxine;
nortriptyline;
desipramine

Diazepam;
imipramine;
sertraline

Inhibitors Fluvoxamine Moclobemide;
fluvoxamine;
tranyl-
cypromine

Paroxetine Ketoconazole;
omeprazole;
grapefruit juice

Inductors Tobacco
smoke

Barbiturates;
omeprazole;
rifampicin

Carbamazepine;
phenytoin;
barbiturates
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inhibitor (SNRI) venlafaxine (Fukuda et al. 2000; Veefkind et al. 2000). For
the latter, a relationship between PM status and the increased occurrence
of cardiovascular side effects or toxicity has been reported (Lessard et al.
1999). In summary, knowledge of the CYP2D6 metabolizer status could be
helpful in individualizing dose escalation schemes for certain antidepres-
sants. This could be especially helpful in the case of TCAs, were relatively
small dose–response windows have been reported for their antidepressant
effect (Burke and Preskorn 1999; Preskorn et al. 1988). For SSRIs, on the
other hand, no clear dose–response relationship has been reported, at least
for the treatment of depressive symptoms, and so far no threshold toxic
concentrations have been defined (Corruble and Guelfi 2000; Preskorn and
Lane 1995).

Specific dose recommendation based on CYP2D6 genotypes have already
been put forward (Kirchheiner et al. 2001) with doses of TCA halved for
PM. The proposed doses adjustments for SSRIs were significantly smaller
than otherwise recommended, and some authors even question the relevance
of genotype-adjusted dosing for SSRIs, given their flat dose–response curve
(Brosen and Naranjo 2001). Nonetheless, an identification of PM may prevent
overdosing and the occurrence of specific side effects with SSRIs or SNRIs. In
addition, knowledge of the metabolizer status of a patient may also be helpful
in predicting problems with drug interactions. Brosen et al. (1993) report
that pharmacokinetic interactions of paroxetine (an inhibitor of CYP2D6) and
the TCA desipramine (extensively metabolized by CYP2D6) are dependent
on the metabolizer status. Co-administration of the two drugs in EM who
have at least two functional copies of the CYP2D6 gene leads to a fivefold
decrease in desipramine clearance. In PM who lack functional CYP2D6 genes,
desipramine clearance was not influenced by paroxetine, suggesting alternate
metabolic pathways in PM.

In summary, most data are available on the influence of CYP genes on
the pharmacokinetics of antidepressants. Genotype-adjusted dose escalation
schemes have already been put forward and should be especially useful in
TCA treatment. It has to be noted, though, that all studies concerning dose
escalation and response have been performed in depressed patients. Dose–
response relationships may, however, be different in patients with anxiety
disorders, so that further studies are warranted.

2.2
P-Glycoprotein

P-glycoprotein is amemberof thehighlyconservedsuperfamilyofATP-binding
cassette (ABC) transporter proteins (see, for example, Amdukar et al. 1999 for
review). This 170-kDa glycoprotein is encoded by the MDR1 gene (now ABCB1)
on chromosome 16. It is a plasma membrane protein with two transmembrane
domains containing each six membrane-spanning helices and an ATP-binding
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site that actively transports its substrates against a concentration gradient.
P-glycoprotein is expressed in the apical membrane of the intestinal epithe-
lial cells, the biliary canalicular membrane of hepatocytes, and the luminal
membrane of proximal tubular epithelial cells in the kidney. In addition, it is
also found in high levels in the luminal membranes of the endothelial cells
that line the small blood capillaries which form the blood–brain and blood–
testis barrier (Cordon-Cardo et al. 1989; Thiebaut et al. 1987). The MDR1 gene
was first discovered as one of the causes of resistance of tumor cells against
chemotherapy. Subsequent studies have discovered that its function is not lim-
ited to tumor cells but that P-glycoprotein protects cells throughout the healthy
organism against many drugs by acting as an efflux pump for xenobiotics. Sub-
strates besides anti-neoplastic drugs include certain antibiotics, analgesics,
cardiotropic drugs, and immunosuppressants. Because of its location at the
blood–brain barrier, P-glycoprotein is in a unique position to also regulate
the concentration of psychotropic drug in the brain and may limit the brain
accumulation of many drugs (Schinkel et al. 1996). Experiments in transgenic
mice lacking mdr1a or mdr1a and mdr1b, both homologs of the human MDR1
gene, show that also intracerebral concentrations of antidepressant drugs are
regulated by this molecule (Uhr and Grauer 2003; Uhr et al. 2000). These stud-
ies conclude that the CNS bioavailability of the SSRI citalopram and the TCAs
trimipramine and amitriptyline is regulated by these molecules, while this may
not be true for the SSRI fluoxetine. Mouse mutants where MDR1 genes were
deleted showed up to over five times higher intracerebral concentrations of the
first named drugs than their wildtype littermates, while fluoxetine concentra-
tions where equal (Uhr and Grauer 2003; Uhr et al. 2000). Since P-glycoprotein
appears to regulate access to the brain for some antidepressants, it is perceiv-
able that functional polymorphisms in this gene may influence intracerebral
antidepressant concentration. Over one hundred SNPs are listed in public SNP
databases for P-glycoprotein. The most studied polymorphism is a silent SNP
in exon 26, often referred to as C3435T, that exchanges a C against a T (see
Brinkmann et al. 2001 for review). This SNP has been associated with an altered
intestinal digoxin uptake that correlates with intestinal P-glycoprotein mRNA
expression levels (Hoffmeyer et al. 2000). Homozygotes for the T allele of this
SNP, who show a low intestinal P-glycoprotein expression, represent 25% of
all Caucasians (Cascorbi et al. 2001). As for the CYP genes, large inter-ethnic
differences in allele frequencies have been reported for this SNP, with less than
5% of Africans carrying the TT genotype (Schaeffeler et al. 2001).

While effects of P-glycoprotein polymorphisms have been reported for
intestinal uptake, no such studies exist for effects on blood–brain barrier
penetration. If certain polymorphisms were to alter intracerebral concentra-
tions of specific antidepressants, prior knowledge of the patients relevant P-
glycoprotein genotypes could prevent the administration of a drug that might
never reach therapeutic intracerebral levels despite a normal plasma concen-
tration.
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3
Pharmacodynamic Aspects

The genetics of pharmacodynamic aspects of antidepressant and anxiolytic
drugs covers both genes that are direct drug targets, such as the serotonin
reuptake transporter (SERT), serotonin (5-HT) receptors or γ-aminobutyric
acid (GABA)-ergic receptor subunits, and genes that are indirectly involved
in drug action, such a G proteins. Even though the primary drug targets of
antidepressants are known, it is still unclear which neurotransmitter systems
and subsequent signaling pathways are ultimately targeted to lead to clinical
improvement. A concatenation of data indicates that altering monoaminergic
neurotransmission alone is not sufficient to elicit an amelioration of depressive
or anxiety symptoms. One obvious argument is that reuptake inhibition occurs
within minutes while it takes several weeks until clinical effects are seen. This
implies that themajority of candidate genes relevant for response to thesedrugs
are still unknown. So far, mostly candidate genes from the monoaminergic
system have been investigated. It is clear that future pharmacogenetic studies
have to take a less hypothesis-driven approach and focus more on “unbiased”
whole genome approaches. These approaches may not only give insight into
the pharmacogenetics of antidepressants and anxiolytics but also lead to the
discovery of novel drug targets.

Thenextparagraphswill first summarizepreviouspharmacogenetic studies
(mostly on antidepressant drugs) and then expand on the techniques available
for whole genome approaches.

3.1
Monoaminergic Candidate Genes

Most pharmacogenetic studies for antidepressants have been conducted on
candidate genes from monoaminergic pathways. The relevance of monoamin-
ergic systems for anxiety disorders and their treatment have been extensively
covered in previous chapters.

The most thoroughly studied gene is SERT, located on chromosome 17q
(Lesch et al. 1993; Ramamoorthy et al. 1993). Several polymorphisms have
been described for this gene. A 44-bp insertion/deletion polymorphism (called
SERTPR or 5-HTTLPR in the literature) in the promoter region has been as-
sociated with different basal activity of the transporter, most likely related
to differential transcriptional activity (Heils et al. 1996; Lesch et al. 1996).
The long variant (l allele) of this polymorphism has been shown to lead to
a higher serotonin reuptake by the transporter. Other polymorphisms include
a variable tandem repeat (VNTR) polymorphism in intron 3 as well as several
non-synonymous SNPs in the coding region (see Hahn and Blakely 2002 for re-
view). The latter polymorphisms have, however, been less studied with regards
to pharmacogenetic aspects than SERTPR. The effects of this polymorphism
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on response to treatment with SSRIs have now been investigated in nine pub-
lications (see Table 2). All studies conducted in Caucasian samples have so far
shown an association of the short form of the SERTPR (s allele) with a slower,
less favorable response to antidepressant drugs. The s allele being associated
with a reduced basal activity of the SERT, one could imagine that the effects of
SSRIs on synaptic serotonin concentration may be less pronounced than with
the l allele. Studies in Asian patients, however, revealed a somewhat differ-
ent picture. In a Korean sample, Kim et al. (2000) observed a better response
to fluvoxamine and paroxetine in patients homozygous for the s allele. This
finding was replicated in Japanese patients by Yoshida et al. (2002), while Ito
et al. (2002) found no association between SERTPR variants and response to
fluvoxamine. Finally, Yu et al. (2002) described a positive association of the l-l
genotypewith response tofluoxetine inChinesepatients,which is similar to the
results observed in Caucasian patients. These contradictory findings in Asian
and Caucasian samples may result from ethnically different allele frequencies,
the s allele being present in 50% of Caucasians but 75% of Asians (Gelernter
et al. 1999). The group of patients homozygous for the l allele is thus smaller in

Table 2 The influence of SERTPR genotype and response to antidepressant drugs

Type of Study Positive association Ethnicity

antidepressant with response

Fluvoxamine n = 99 (BP + MP) L-allele Caucasian

Smeraldi et al. 1998 p = 0.017

Fluvoxamine n = 155 (BP + MP) L-allele Caucasian

Zanardi et al. 2001 p = 0.029

Paroxetine n = 64 (BP + MP) L-allele (s-allele slower) Caucasian

Zanardi et al. 2000 p < 0.001

Paroxetine n = 95 (late-life depression) L-allele (s-allele slower) Caucasian

Pollock et al. 2000 p = 0.028

Citalopram n = 102 (MP) L-allele (s-allele more with Caucasian

Arias et al. 2001 no remission) p = 0.006

Fluoxetine n = 120 (MP/Korean) S-allele Asian

+paroxetine Kim et al. 2000 p = 0.007

Fluvoxamine n = 66 (MP/Japanese) S-allele Asian

Yoshida et al. 2002

Fluoxetine n = 121 (MP/Chinese) L-allele Asian

Yu et al. 2002 p = 0.013

Fluvoxamine n = 66 (MP/Japanese) No association Asian

Ito et al. 2002

BP, bipolar disorder; MP, mono/unipolar depression.
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Asian samples, possible hampering the detection of a positive association of
this genotype with response. It is also possible that different polymorphisms
in the SERT gene are relevant for response in different ethnic groups. Further
studies addressing this issue are certainly warranted.

SERTPR variants may also not be specifically associated with response to
SSRIs but confer a more general predisposition to respond to any kind of
antidepressant treatment targeting the serotonin system. The l allele of SERTPR
has not only associated been associated with a better response to SSRIs but
also a good response to total sleep deprivation (Benedetti et al. 1999). An
enhancement of serotonergic transmission has been proposed as one possible
mechanism of action of sleep deprivation (Gardner et al. 1997).

Of the other SERT polymorphisms, only the VNTR polymorphism has been
investigated for its association with response to antidepressant drugs (Kim
et al. 2000).

Pharmacogenetic studies alsoexist for several othergenesof themonoamin-
ergic systems, including tryptophan hydroxylase (TPH), monoamine oxidase A
(MAOA), 5-HT receptors (2a and 6), dopamine receptors, and the G protein β3
subunit. Smeraldi’s group detected an association of an intronic SNP in TPH
with response to fluvoxamine and paroxetine in two separate samples (Ser-
retti et al. 2001b; Serretti et al. 2001c). This association was not replicated in
a Japanese sample (Yoshida et al. 2002b). Three separate studies found no asso-
ciation of a VNTR polymorphism in MAOA, affecting gene transcription, with
response to MAO inhibitors and SSRIs (Cusin et al. 2002; Muller et al. 2002;
Yoshida et al. 2002b). Three different SNPs in 5HT2A have been investigated in
three different studies, with two of the studies reporting an association with
response to antidepressant treatment (Cusin et al. 2002; Minov et al. 2001; Sato
et al. 2002). No association was shown for a silent SNP in exon 1 of 5HT6
(Wu et al. 2001). Also no association was found between two SNPs causing
amino acid exchanges in the dopamine receptors type 2 and 4 and response to
fluvoxamine and paroxetine (Serretti et al. 2001a). As most monoaminergic
receptors belong to the class of G protein-coupled receptors, G protein sub-
units, such as the β3 subunits, are candidate genes for the pharmacogenetics of
antidepressant drugs. A SNP leading to altered signal transduction, most likely
via alternative splicing (Siffert 2003), was found to be associated with response
to antidepressant treatment in two independent studies (Serretti et al. 2003;
Zill et al. 2000).

The association results with these genes are so far less convincing than those
with SERT. For some studies the number of investigated patients are small [the
smallest sample size being 34 (Wu et al. 2001)]. For others, different polymor-
phisms have been investigated for the same genes, rendering it more difficult to
compare the results across studies (e.g., 5HT2A). Replications of these results
in different ethnic groups with large sample sizes are needed for a conclu-
sive evaluation of the importance of these genes in the pharmacogenetics of
antidepressant drugs.
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3.2
Other Candidate Systems

So far only one study has investigated pharmacogenetic aspects of benzodi-
azepine treatment. This study was conducted in children of alcoholics and
measured the effects on eye movement measures (Iwata et al. 1999). A SNP
leading to an amino acid exchange in the GABAA receptor α6 subunit was inves-
tigated. The authors observed that this SNP was associated with less diazepam-
induced impairment of saccadic velocity, concluding that this polymorphism
may play a role in sensitivity to benzodiazepines. It is difficult to judge the
relevance of these data for anxiety disorders. On the one hand the sample size
is small (n = 51) and on the other hand the subjects all had a family history of
alcoholism. It has been previously shown that a family history of alcoholism
may be associated with a diminished sensitivity to benzodiazepines (Cowley
et al. 1992; Cowley et al. 1994). Studies on the effects of GABA receptor subunit
genotypes on the anxiolytic effects and addiction potential of benzodiazepines
are needed.

Several studies suggest that a normalization in the hypothalamic–pituitary–
adrenal axis hyperactivity, including the sensitivity of the glucocorticoid re-
ceptor may be required for a response to antidepressive treatment, at least in
depressed patients (see Holsboer 2000 for review). Our group has investigated
the influence of polymorphism in genes regulating this axis in response to an-
tidepressant drugs in the Munich Antidepressant Response Signature (MARS)
sample (Holsboer 2001). We found a strong association between polymor-
phisms in a co-chaperone of the GR and response to antidepressant drugs
(Binder et al. 2004). This co-chaperone has been found to regulate GR sensitiv-
ity. This study is the first to consider genes that are likely involved in the final
common pathway of response to antidepressant drug for pharmacogenetics.
Further studies investigating these candidate gene pathways in patients with
anxiety disorder are currently being conducted.

4
The Search for Novel Candidate Genes

As stated above, the ultimate mechanism of action of the antidepressant and
anxiolytic effects of antidepressant drugs have not been fully elucidated yet.
It is therefore necessary to identify novel candidate genes using unbiased
genome-wide strategies.

4.1
Gene Expression Profiling Experiments

High-density DNA arrays or microarrays allow investigators to examine mRNA
levels of all known genes in one experiment (see Lockhart and Winzeler 2000
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for review). DNA sequences either complementary to longer [complementary
DNA (cDNA) sequences transcribed from mRNA] or shorter stretches (synthe-
sized oligonucleotides up to 60 bp long) of the expressed mRNA sequence are
attached at a precise location on the surface of a glass slide or any other kind of
appropriate surface (chips). DNA sequences are either deposited by spotting
minute amounts on the surface (cDNA or oligonucleotide arrays) or synthe-
sized in situ (the company Affymetrix uses photolithography). Then a soluble
mixture of the mRNA, transcribed into cDNA and labeled is hybridized to the
chip. The amount of signal is measured for each spot and quantified. If two
groups are to be compared on cDNA arrays, the respective mRNAs are often
labeled with two different fluorochromes (usually Cy3 and Cy5). To quantify
differences between the groups, the relative amounts of the signal of the two
fluorochromes are measured. In the case of a gene unaffected by the group
difference, equal signal from each fluorochrome is expected (see Fig. 1). Data
on ten thousands of genes are then gathered and analyzed using a variety of
bioinformatic strategies.

Usingmicroarrays,differences ingeneexpressioncanbedetectedonawhole
genome level for different behavioral responses, treatment modalities, or brain
regions. Several groups have already tried to use this technique to identify
novel candidate genes for depression and anxiety and their treatment. In the
search of the common final pathway of antidepressant action, gene expression
changes following chronic antidepressant treatment have been analyzed (Ya-
mada et al. 2000, 2001). Our group has searched for genes commonly regulated
by two antidepressants with different receptor binding profiles, paroxetine
and mirtazapine (Landgrebe et al. 2002). Another approach is to identify
genes differentially regulated in brain regions that have been associated with
different cognitive functions, including anxiety behavior (see, for example,
Dent et al. 2001). So far, however, no strong candidate that has also been
validated in human genetic studies has been brought forward. A series of
technical and methodological problems have to be considered when interpret-
ing gene expression profiling for neurobiological issues (Luo and Geschwind
2001; Mirnics 2001; Watson et al. 2000). Neurons even within a given brain
region can show very heterogeneous expression of neurotransmitter, recep-
tors, and connections to other brain regions, leading to possibly opposite
changes in mRNA expression in neighboring neurons following the same
stimulus so that single neurons may have to be dissected out of the tissue.
Several researchers have already used laser capture microdissections to ad-
dress this issue. In addition, methods allowing investigators to amplify minute
amounts of mRNA from single cells are being developed and tested. Finally,
access to human brain tissue for pharmacogenetic-oriented studies is diffi-
cult, and a multitude of unknown confounding factors can still invalidate the
results.
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4.2
Genome-Wide Association Studies

Truly genome-wide association studies using SNP markers have still not been
published, possibly due to limitations of genotyping throughput and cost, and
the necessity for large patient samples. Nonetheless, technological advances
in this field are being accomplished at an enormous speed. Together with the
promises of a reduced genotyping demand with the establishment of haplo-
types maps, the feasibility of genome-wide screens is moving into the nearer
future.

It is very likely that pharmacogenetic properties are as complex as the ge-
netics for the treated diseases. One therefore has to expect multiple response-
modifying genes each only contributing a small effect. To detect these effects,
large patients samples (over 1,000 individuals) might be needed (McCarthy and
Hilfiker 2000), especially when having to account for multiple testing in whole
genome studies. Screening in samples of diverse ethnicity will also be neces-
sary. Already on a single gene basis it becomes evident that pharmacogenetic
associations may be specific for a certain ethnic group. Ethnic differences in al-
lele frequencies and pharmacogenetic effects, for example, have been reported
for the CYP genes, P-glycoprotein and SERT (Ameyaw et al. 2001; Bertilsson
et al. 2002; Gelernter et al. 1999).

5
Conclusions

Up to this point, no pharmacogenetic/genomic study has been conducted
specifically for anxiety disorders. Some of the presented results, however, also
pertain to those disorders. Pharmacokinetic aspects of antidepressant drug
therapy likely also apply to patients with anxiety disorders. Even tough no
clear dose–response relationship has been established for SSRIs, knowledge of
the CYP-related metabolizer status may help to reduce the incidence of side
effects that may interfere with the compliance of the patient. Genetic studies
with P-glycoprotein may reveal genotype-specific intracerebral concentrations
of antidepressant drugs, which should pertain to all psychiatric disorders
responsive to these compounds. A recent study has already published an as-
sociation of a certain P-glycoprotein genotype with response to antiepileptic
treatment (Siddiqui et al. 2003). It is more difficult to interpret the relevance
of pharmacodynamic genetic associations in depression for anxiety disorders.
Here studies in patients with anxiety disorders are warranted. Separate sets
of novel candidate genes may be responsible for the antidepressant and anxi-
olytic effects of these drugs. In addition to studies in different patient samples,
this may also necessitate the development of innovative animal models able to
separate these effects.
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Despite all the shortcomings of the currently available pharmacogenetic
studies, this field holds great promise for the treatment of anxiety disorders.

Pharmacogenomics may allow us to develop sets of SNPs that could be
combined into easily used assays that will rapidly classify patients according
to their likely response to pharmacotherapy. The psychiatrist will then be able
to base the treatment decision concerning the type and dose of a prescribed
drug on more objective parameters than the ones used currently. This will
limit unwanted side effects and adverse drug reactions, and could reduce time
to response. A more individualized pharmacotherapy will then be possible.
Pharmacogenomics might also lead to a better understanding of the mecha-
nism of action of antidepressant and anxiolytic drugs. The identification of
novel candidate genes would allow for the development of novel drug targets
and therapeutic compounds. One might also identify subgroups of patients in
which different pathophysiological changes lead to the development of anxi-
ety disorders. In this way, an individual targeting of the pathological pathway
may be realizable, again shortening time to response and reducing side effects.
It is of note, however, that a drug individually tailored to the pathology of
a specific patient may work optimally in this patient but potentially will be
ineffective in other patients. Thus, the more specific the drugs get, the more we
need to know about the specific pathophysiological and genetic background
of each individual patient. This will lead to a fragmentation of a market that
so far has been dominated by a few “blockbuster” drugs. It is to be hoped
that market-oriented considerations will not put a hold on the exploitation of
genotype-based medicine. The fact that anxiolytic treatments work in too few
people, take too long before clinical improvement is seen, and have too many
adverse effects, calls for a drug discovery initiative as outlined in this article.
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Abstract Proteomics, 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. In addition, the effects of drug treatment and metabolism can now be
studied on the protein level in a comprehensive manner.

Keywords Proteomics · Disease targets · Protein analysis technologies

1
Background

In order to understand complex physiological pathways and the pathogenesis
ofdiseases, it is oftennot sufficient toelucidate thegenomeofacell ororganism.
Although there are diseases caused by an exchange of single base pairs within
the genome, most diseases are multi-factorial and are caused by several genetic
as well as environmental factors. Consequently, the discovery of markers of
multi-factorial diseases requires a global approach. As the functionally active
macromolecules in a cell, proteins are prime candidates as disease targets. The
term proteome that was created in 1995 indicates the PROTEins expressed
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by a genOME (Wilkins et al. 1996). Unlike the genome and similar to the
transcriptome (all mRNAs expressed by a genome) the proteome varies from
tissue to tissue within the same organism. After the completion of the sequence
analysis for several species, it is now obvious that humans do not have many
more genes than lower organisms (Lander et al. 2001; Venter et al. 2001).
The question that presents itself is how does Homo sapiens manage to be so
complex? It is an interesting proposal that proteins, not genes, are responsible
for an organism’s complexity and the interactions of proteins in networks
determine how an organism functions. It is therefore only logical that it is now
widely accepted that the key to understanding health and disease is to study
the organism’s proteins. This includes where each protein is located in a cell,
when the protein is present and for how long, and which other proteins it is
interacting with. Comprehensive proteome characterization therefore needs
to provide not only protein sequence but various types of other information
including the protein’s abundance, localization, and state of post-translational
modifications.

Unlike the genome the proteome is not a static but a dynamic and constantly
changing entity that is cell- and tissue-specific and dependent on the environ-
ment. Because of the dynamic nature of protein expression and function, these
properties need to be determined quantitatively in a time-dependent manner.
Proteomics, the study of the proteome, involves the analysis of the complete
pattern of the expressed proteins and their post-translational modifications
in a cell, tissue, or body fluid. An integrated view of any living system hence
requires an analysis that takes into account the spatial as well as temporal
distribution of all the proteins in a cell or tissue. The analytical effort that is
necessary to deliver such an integrated view is by several orders of magnitude
more complicated than that of the recently finished human genome (Lander
et al. 2001; Venter et al. 2001).

The traditional paradigm of one gene equaling one protein is not valid any-
more, and although there may be “only” 30,000 genes in the human genome
(Lander et al. 2001; Venter et al. 2001) there are probably millions of proteins
derived form these genes that are due to splice variants and post-translational
modifications (Fig. 1). In this regard it is estimated that under normal phys-
iological conditions most cellular proteins are post-translationally modified.
Currently, there are approximately 200 such post-translational modifications
known (Krishna and Wold 1993). These modifications can affect protein con-
formation, stability, localization, binding interactions, and function. Conse-
quently, the differences between disease and normal tissue are not restricted to
the quantity of particular proteins, but may also be reflected by different pro-
cessing or the degree of post-translational modifications. The comparison of
the proteome of diseased and healthy tissues and the subsequent identification
of the proteins that are different from normal in disease therefore represents
a critical technology to unravel the pathogenesis of disease, to identify thera-
peutic targets, and to develop diagnostic tests.
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Fig. 1 From genome to transcriptome to proteome. Through alternate splicing a single gene
can be transcribed into several mRNAs. Every mRNA that is subsequently translated can
give rise to more than one protein caused by differential post-translational modifications
as indicated by purple symbols

2
Proteomics: A New Term for an Old Science

Attempts of a global analysis of proteins in tissues and cells (now called pro-
teomics) has been around for almost 30 years. These studies were often carried
out with a technique called two-dimensional polyacrylamide gel electrophore-
sis (2D PAGE) (O’Farrel 1975; Klose 1975), which will be explained in more
detail in Sect. 5.1. Although these studies allowed for the visualization of pro-
tein patterns from different tissues or cells, the determination of the identity
of the differences was only possible for a limited number of samples. This lim-
itation in one’s ability to identify proteins at low levels changed dramatically
in the early 1990s when powerful new technologies for protein identification
and analysis became available (Hillenkamp and Karas 1990; Fenn et al. 1989).
In addition, the completion of the sequence analysis of several genomes, in-
cluding the human genome (Lander et al. 2001; Venter et al. 2001), now makes
available in public databases the sequence of every protein of an organism. All
this has led to what is now referred to as the post-genomic era, which is set to
play a major role in the study of biological systems and mechanisms of disease
at the molecular level.

Proteomics can be divided into two major areas of research—global and
targeted proteomics (Pandey and Mann 2000). Global proteomics compares
protein expression in a cell, tissue, or body fluid in a comprehensive and global
fashion. In this approach, proteins derived from a total cellular or tissue ex-
tract or from a body fluid are typically displayed on two-dimensional gels and
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Fig. 2A, B Global (A) vs targeted (B) proteomics. In a global proteomics approach, all
the protein constituents of a cell are isolated and subjected to 2D PAGE. In a targeted
proteomics experiment, only a subset of proteins is analyzed. An example is the complex
that is formed between a transmembrane receptor and cytoplasmic signaling proteins upon
ligand activation of the receptor

every protein spot is identified by mass spectrometry (MS) (Fig. 2A). This
approach, which is also referred to as expression and comparative proteomics,
is the mainstay in medical applications when proteins from normal and dis-
eased cells or tissues are compared and the differences identified as poten-
tial molecular disease markers (Pandey and Mann 2000). Other applications
of this approach are in the pharmacoproteomics arena and are concerned
with the analysis of drug influence, toxicology, and drug-target validation
studies.

Targeted proteomics approaches, on the other hand, are employed for spe-
cific problems and are often concerned with the analysis of the components
that are part of protein complexes (Fig. 2B). An example is the analysis of
cellular signaling complexes that are formed upon receptor activation after
ligand binding (Pandey and Mann 2000). Next to protein identification, these
studies also include the determination of post-translational modifications of
the receptor and the proteins involved in the signaling pathway. Likewise, cell-
map proteomics is classified as a targeted proteomics approach that deals with
the determination of the subcellular location of proteins and protein networks
(Pandey and Mann 2000). Since the most proteins in the cell are not found as
free entities but in protein complexes, the elucidation of these complexes is
critical for the understanding of biochemical pathways and protein function in
general. For the isolation of the individual protein components of a complex,
so-called bait proteins are created that represent one component of the com-
plex and that will bind to the other partners upon exposure to cellular lysates.
The individual protein components are then separated by gel electrophoresis
and identified by MS (Pandey and Mann 2000).
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3
Proteomics Methods

Proteomics includes a variety of technologies that include differential pro-
tein display on gels, protein chips, quantitation of protein amounts, analy-
sis of post-translational modifications, characterization of protein complexes
and networks and bioinformatics. All this information in combination with
genome and phenotype studies will ultimately yield a comprehensive picture
of a cellular or tissue proteome (Wasinger and Corthals 2002).

The reason for the dramatic expansion in recent years of the field of pro-
teomics in many areas of the life and health sciences was caused by the devel-
opment of methods that make possible the rapid and high-throughput analysis
of small amounts of proteins. Due to the limited amounts of protein in cells,
tissues, and body fluids, the methods employed for protein identification and
analysis of post-translational modifications need to be very sensitive. In this
regard, the required ability to identify ultralow levels of proteins has made
a great leap forward. This is in great part due to advances that have been
made in the MS analysis of peptides and proteins (Hillenkamp and Karas 1990;
Fenn et al. 1989). The development of ultrasensitive mass spectrometers in
combination with protein sample preparation methods that avoid losses of
small amounts of material now allow for the analysis of low femtomole or even
attomole amounts of protein. The other aspect that is making MS the method
of choice in today’s protein identification efforts is the rapidly increasing num-
ber of entries in protein and DNA databases. The entire human genome has
been sequenced and allows for the use of MS data from enzymatic protein
digests to rapidly identify human proteins with high confidence with the help
of specially developed search algorithms (Eng et al. 1994). Electrospray (ES)
tandem MS in combination with on-line liquid chromatography (LC/MS/MS)
and matrix-assisted laser desorption ionization (MALDI) MS have become the
methods of choice to identify proteins at low levels and can now be applied to
proteomics projects that are geared towards the identification of differences
in protein expression levels between healthy and diseased cells and tissues.
The great sensitivities of these MS techniques combined with the completion
of the human genome sequencing endeavor make this methodology ideally
suited for the identification of disease-associated proteins in tissues and body
fluids.

4
Proteomics in Medicine

Proteomic technologies promise to be of great value in molecular medicine,
particularly in the detection and discovery of disease markers. Since it was
demonstrated that there is a poor correlation between mRNA and protein
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abundance (Gygi et al. 1999a), protein profiling will ultimately result in a better
understanding of disease mechanisms and the molecular effects of drugs.

However, applying the new technologies to analyze the entire proteome of
a clinical specimen is not always straightforward (Anderson and Anderson
1998). The major hurdle when it comes to patient samples is the limiting
amount of starting material that is available to carry out the analysis. Clinical
samples such as needle biopsies and body fluids frequently cannot be obtained
in large enough amounts. Furthermore, unlike RNA, protein samples cannot
be amplified by a process such as the polymerase chain reaction. Another
reason for the difficult analysis of protein samples is due to the fact that, unlike
genomics, with only two to three orders of magnitude differences between
the highest and lowest copy number transcripts, protein samples from tissues
and body fluids often have up to ten log orders of magnitude differences
between the highest and lowest expressed proteins (Anderson and Anderson
1998).

In pharmacoproteomics, protein amounts and differential modifications are
potentially relevant markers in tissues and body fluids for monitoring pertur-
bations introduced by drug-treatment effects. In this regard the comparison
of protein patterns before and after treatment with a drug makes possible the
identification of changes in biochemical pathways that may be related to the
drug’s efficacy or toxicity. The ultimate goal of proteomics in medicine is the ca-
pability to provide qualitative and quantitative data of patient sample proteins
that reflect a disease state or a response of disease treatment and to eventu-
ally complement or even replace current diagnostic laboratory technologies
(Anderson and Anderson 1998). Proteomic studies may also provide prognos-
tic data and lead to the identification of common pathways of drug action,
drug resistance, and drug efficacy. Such investigations will ultimately lay the
groundwork for the establishment of comprehensive databases of the mecha-
nisms that are involved in the pathogenesis of disease and will allow for the
development of therapies that are more direct than the ones offered by con-
ventional genomics approaches. Currently, the pharmaceutical industry has
available only 400–500 drug targets, of which many represent transmembrane
receptors. With the new developments in the proteomics field, it is anticipated
that the number of drug targets will expand tremendously in the very near
future (Anderson and Anderson 1998).

5
Analytical Techniques

Proteome analysis in general involves two stages: protein separation and subse-
quent identification and analysis. Multidimensional separations are required
in order to result in an adequate resolution of complex protein or peptide
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Fig. 3A, B Strategies for the analysis of complex protein mixtures. A Proteins are separated
by 2D PAGE and the relevant protein spots excised from the gel, digested, and analyzed by
mass spectrometry. B Proteins are first digested into small peptides and then fractionated
by two rounds of chromatography before each peptide is analyzed by mass spectrometry

mixtures. Fractionation on the protein level is in general carried out by 2D
PAGE (O’Farrell 1975; Klose 1975). This technique produces high-resolution
protein separations resulting in the display of potentially thousands of pro-
tein spots (Fig. 3A). Alternatively, in the “shotgun” approach, proteins are
digested by specific enzymes into small peptides and subsequently sepa-
rated by multi-dimensional chromatography techniques followed by analy-
sis of the peptides by MS (Fig. 3B; Link 2002). Both of these methods in
combination with improvements in MS instrumentation, the implementa-
tion of protein arrays, and the development of robust informatics software
are providing sensitive and high-throughput technologies for the large-scale
identification and quantitation of protein expression, analysis of protein mod-
ifications, subcellular localization, protein–protein interactions, and protein
function.

5.1
Protein Fractionation

Although almost 30 years old, the most widely used technology in compara-
tive proteomics is still 2D PAGE. This applies to the global analysis of proteins
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from tissues, cells, and body fluids. Proteins are separated according to their
charge in one dimension (isoelectric focusing) and according to their size in
the second dimension [sodium dodecyl sulfate (SDS) electrophoresis]. The
combination of these two separation techniques allows for the resolution of
thousands of proteins in a single gel. At the same time, the relative abundance
of proteins between two or more samples can be assessed after staining the
proteins in the gel. This is achieved by software programs that match proteins
according to their position in the gel, which is a reflection of their isoelectric
point and size and determining their relative abundance by comparing the
staining intensities.

However, analysis of protein mixtures derived from cells, tissues, and body
fluids by 2D PAGE by no means represents a comprehensive picture of the
proteins in themixture. Proteinswith extreme isoelectricpoints, largeproteins,
small proteins, and hydrophobic proteins are commonly not amenable to 2D
PAGE and hence can be easily missed. Furthermore, low abundant proteins
are often not detected in 2D gels when proteins of high abundance are present.
This limitation is particularly relevant when analyzing serum or other body
fluids, where protein amounts vary by ten orders of magnitude (Anderson and
Anderson 1998).

Due to these limitations of 2D PAGE, alternative fractionation methods for
complex protein mixtures have been developed. One method relies on the
separation of tryptic peptide mixtures that are derived from the protein mix-
ture by two rounds of chromatography (Link 2002). Peptides resulting from
a protein digest of the sample are loaded onto a cation exchange column
and eluted by applying a salt gradient in a stepwise fashion. Peptides eluting
from the cation exchange column in each salt step are then loaded onto a re-
versed phase column and eluted by applying a shallow gradient of the organic
modifier. Subsequently, the fractionated peptides are either collected and an-
alyzed by MALDI MS or directly infused into an ES mass spectrometer. This
method allows for the identification of thousands of proteins via their peptide
constituents and is therefore referred to as “shotgun” proteomics. A major
advantage of the “shotgun” approach is that low abundant proteins can be
identified in the presence of large abundant proteins, a scenario that is often
encountered when analyzing protein mixtures from body fluids such as serum
or cerebrospinal fluid (CSF).

Alternative, non-gel based quantitative methods for assessing the relative
amounts of proteins in different samples have been developed as well. Instead
of relying on the staining intensities of protein spots in 2D gels, chemical
procedures for tagging proteins are now available (Gygi et al. 1999b). These
procedures rely on the same reactivity of two chemical tags that slightly differ
in mass due to the introduction of heavy isotopes into one of the tags. As
a result, proteins from two sample populations are tagged and subsequently
differ in mass. This small difference in mass can be analyzed by MS and allows
relative quantitation of the two protein populations.
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5.2
Protein Identification and Analysis

Protein identification and analysis of their post-translational modifications
is nowadays achieved by MS. Several types of mass spectrometers have been
developed for this purpose. Most commonly used are MALDI MS (Hillenkamp
and Karas 1990) and ES MS (Fenn et al. 1989). Both techniques are so-called
soft ionization methods that allow for the ionization of proteins and peptides
without destroying them. Typically, proteins that are to be identified are first
digested into small peptides with the help of specific enzymes. The reason
for digesting the proteins into smaller peptides is that the latter are more
amenable to MS analysis. Both methods can be automated and furthermore
allow for the fragmentation of peptides, thus allowing for the determination of
the amino acid sequence of the peptide. The fragmentation data generated by
the mass spectrometer are compared to theoretical fragmentation data from
all the known proteins in a database and this allows for the identification of
the protein that the peptide is derived from (Eng et al. 1994).

5.3
Protein Chips

Due to the great success of DNA microarrays there are intense efforts underway
to develop protein chips for rapid and high-throughput screening projects on
the protein level. As with any chip technology the goal is to get a comprehen-
sive look at the proteins expressed in a cell, tissue, or body fluid. The chip
technology allows for the simultaneous analysis of thousands of proteins in
a single experiment. In the case of short peptide chips the individual peptides
can be made by on-chip synthesis analogous to oligonucleotide chips (Lee
and Mrksich 2002). In the case of proteins the molecules are spotted onto the
chip by contact printing or ink jet technology. In the protein chip approach
a variety of “bait” proteins such as antibodies can be immobilized in an ar-
ray format. The surface is then probed with the sample of interest and only
the proteins that bind to the relevant antibodies remain bound to the chip
(Fig. 4). An example of this approach is the use of antibodies against a variety
of tissue-derived proteins on a chip that is probed with proteins from a body
fluid of a patient. The outcome is a comprehensive knowledge of what proteins
are present to what extent in the body fluid. A major challenge for the protein
chip technology is the above-mentioned complexity and size of the proteome.
In order to generate a comprehensive chip one would need antibodies against
all the constituents of a proteome, including all the post-translationally mod-
ified proteins. This is necessary since an alteration in protein modification
could be a critical determinant in the disease. An example is the activation
of the all-important tyrosine kinase family of receptors that undergo multi-
ple phosphorylation events upon ligand binding to the receptor (Ullrich and
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Fig. 4 Antibody chip technology. Chips with immobilized antibodies are probed with a spec-
imen and assessed for binding of specific disease marker proteins

Schlessinger 1990). These phosphorylation events stand at the beginning of
specific signaling cascades that ultimately lead to transcription initiation and
cell mitosis or differentiation. Because of the complexity of the proteome, it is
at this stage most reasonable to think about protein chips that have a defined
number of antibodies against known disease markers.

In a related approach, arrays with different types of surface chemistries such
as hydrophobic, hydrophilic, anionic, and affinity are used to absorb certain
protein groups from biological or patient samples. The chip-absorbed proteins
are then directly detected by surface-enhanced laser desorption/ionization
time-of-flight MS (SELDI-TOF MS) (Issaq et al. 2002). The resulting protein
masses can be used in pattern analysis and thereby provide a useful diagnostic
tool.

The protein chip technology may turn out to be of great value for what
is now being referred to as individualized medicine. In pharmacoproteomics,
body fluids from patients that undergo drug treatments can rapidly be assessed
using the chip technology and the treatment tailored to each patient’s unique
background.

6
Applications

Since disease processes lead to protein changes, it is of paramount impor-
tance to consider the relationship between disease and therapy at the protein
level (Anderson and Anderson 1998). The objective of modern pharmacopro-
teomics is the identification of phenotypic differences in drug metabolism or
response and the subsequent examination of candidate proteins for variations
that underlie the observed phenotypes. Instead of focusing on a few protein
targets, pharmacoproteomics takes a more global approach in order to capture
complicated patterns of protein expression (Anderson and Anderson 1998;
Petricoin III et al. 2002).

One important issue in medical proteomics is that of individual variations
in protein expression and structure (Anderson and Anderson 2002). The pro-
tein “noise” that is generated by individual polymorphic variations can be
significant and make the identification of specific marker proteins difficult.
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Since human populations are outbred and therefore characterized by genetic
variation, these differences are also observed at the protein level. In addition,
factors such as the environment and lifestyle have presumably a great influ-
ence on genetic and protein backgrounds. In summary, it is critical to filter out
the disease-specific changes from changes that are the result of polymorphic
differences (Anderson and Anderson 2002).

The obvious targets for medical proteomics research are body fluids, includ-
ing human plasma and CSF. These body fluid proteomes are ideally suited for
disease diagnosis and therapeutic monitoring. Next to the abundant classical
proteins, plasma also contains many tissue proteins as markers. The plasma
proteome has a large dynamic range (up to 10 orders of magnitude), which
makes it a difficult human proteome to analyze. This is because very abun-
dant proteins, such as albumin (55%), and many proteins present in minute
quantities are present in the same sample (Anderson and Anderson 2002).
Similarly, the CSF proteome is made up of predominantly serum proteins such
as albumin and, immunoglobulin. Only approximately 20% of the proteins in
CSF are actually derived from the brain. These are very likely the ones that are
of interest to the researcher studying psychiatric and neurological diseases. In
order to improve the quality of 2D protein analysis of CSF, we are using a pro-
cedure that depletes the specimen from two major proteins, namely albumin
and immunoglobulin (Thompson et al. 1998). Figure 5 shows the 2D images
before and after depletion, illustrating the improved quality of the gel in the
latter case.

Another limiting factor is the relatively small amount of CSF that is usually
available from lumbar puncture. Typically, from 3 ml of CSF, after depletion of

Fig.5 2D PAGE of CSF before and after depletion with Cibacron blue/protein G affinity resins
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Table 1 “Shotgun” analysis of CSF. The top 30 proteins that were identified by mass spec-
trometry (MS) are shown in the left column under “Reference”. The score generated by the
MS data-identification program SEQUEST (Eng et al. 1994) is shown in the right column

Reference Xcorr
Score

gi|4507725|ref|NP_000362.1| (NM_000371) transthyretin 2,150.4
gi|4502027|ref|NP_000468.1| (NM_000477) albumin precursor; PRO0883 protein 1,030.5
gi|4557871|ref|NP_001054.1| (NM_001063) transferrin precursor; PRO1557 pro-
tein [Homo sapiens]

746.5

gi|14577919|ref|NP_009224.1| (NM_007293) complement component 4A 260.3
gi|139641|sp|P02774|VTDB_HUMAN VITAMIN D-BINDING PROTEIN PRE-
CURSOR (DBP)

190.3

gi|9257232|ref|NP_000598.1| (NM_000607) orosomucoid 1 precursor;
Orosomucoid-1 (alpha-1-acid glycoprotein)

170.4

gi|113585|sp|P01877|ALC2_HUMAN IG ALPHA-2 CHAIN C REGION 160.4
gi|112892|sp|P04217|A1BG_HUMAN ALPHA-1B-GLYCOPROTEIN 130.3
gi|14748212|ref|XP_028322.1| (XM_028322) hypothetical protein XP_028322
[Homo sapiens]

130.3

gi|14724978|ref|XP_011125.3| (XM_011125) hypothetical protein XP_011125
[Homo sapiens]

130.3

gi|4507473|ref|NP_003235.1| (NM_003244) TGFB-induced factor 122.4
gi|410564|gb|AAB27961.1| beta-trace N-terminal [human, cerebrospinal fluid] 120.4
gi|15149461|ref|NP_149129.1| (NM_033138) caldesmon 1, isoform 1 114.5
gi|4557225|ref|NP_000005.1| (NM_000014) alpha 2 macroglobulin precursor 110.4
gi|10120703|pdb|1E3F|A Chain A, Structure Of Human Transthyretin Complexed 108.3
gi|4502005|ref|NP_001613.1| (NM_001622) alpha-2-HS-glycoprotein 100.3
gi|4758978|ref|NP_004639.1| (NM_004648) protein tyrosine phosphatase, non-
receptor type substrate 1

90.4

gi|4557287|ref|NP_000020.1| (NM_000029) angiotensinogen precursor 90.3
gi|494652|pdb|1TLM|A Chain A, Transthyretin (also called Prealbumin) 90.3
gi|4502807|ref|NP_001810.1| (NM_001819) chromogranin B precursor 80.3
gi|4557485|ref|NP_000087.1| (NM_000096) ceruloplasmin (ferroxidase) 70.5
gi|4503107|ref|NP_000090.1| (NM_000099) cystatin C 70.3
gi|112908|sp|P02750|A2GL_HUMAN LEUCINE-RICH ALPHA-2-GLYCOPRO-
TEIN (LRG)

60.5

gi|4826762|ref|NP_005134.1| (NM_005143) haptoglobin [Homo sapiens] 60.4
gi|11321561|ref|NP_000604.1| (NM_000613) hemopexin [Homo sapiens] 60.4
gi|7706781|ref|NP_057528.1| (NM_016444) zinc finger protein 226 60.3
gi|70058|pir||A2HU Ig alpha-2 chain C region—human 60.3
gi|4826908|ref|NP_005018.1| (NM_005027) phosphoinositide-3-kinase 50.4
gi|4557843|ref|NP_000440.1| (NM_000449) regulatory factor X, 5 [Homo sapiens] 42.2
gi|4757826|ref|NP_004039.1| (NM_004048) beta-2-microglobulin [Homo
sapiens]

40.4

gi|14757106|ref|XP_029171.1| (XM_029171) hypothetical protein XP_029171
[Homo sapiens]

40.4

Proteins from albumin/immunoglobulin-depleted CSF (see Fig. 4) were digested with
trypsin and the resultant peptides fractionated by two rounds of chromatography using
cation exchange and reversed phase columns.
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the major proteins, there is only enough protein material for one analysis by 2D
PAGE. Alternative methods for a more sensitive analysis of this precious body
fluid are therefore needed. To this end we are exploring the above-described
“shotgun” technique (Link 2002) to gain a better understanding of the protein
constituents that are part of CSF (Table 1; Maccarrone et al. 2004). To date only
very few proteins are used in routine clinical diagnosis from body fluids such
as serum and CSF. With the continued development of methods for body fluid
proteome analysis, it is anticipated that many more protein diagnostic markers
will be at hand in the near future.
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