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Preface

Psychiatry has come on to good terms with the rest of neurosciences only very
recently. Since then the achievements have been impressive and the oppor-
tunities unbelievable.

Modern psychiatry was born at the end of the eighteenth century, to-
gether with the rest of medical disciplines. This was when physicians
abandoned old theories about diseases, many of them Galenic, and decided
to describe what they saw, in accordance with the principles of modern
science. Physicians learnt to see [1], and the site and causes of diseases were
ascribed to organs. The title of Morgagni’s seminal book, On the site and
causes of diseases, investigated by anatomical methods, published in 1771, re-
ferred precisely to this.

The birth of psychiatry was more complex than that of the rest of medi-
cine. It required three basic steps. The first was the delimitation of mental
disorders from abnormal behaviours not accepted by society. It must be
pointed out that the inmates in institutions such as the Hopitaux Generaux
in France or asylums in Great Britain or Germany included not only men-
tally ill individuals, but also others who were a nuisance to society. The
clear-cut separation of these two populations is exemplified by the decision
of the director of the Hopital Charenton in Paris, in the first years of the
French Revolution, to discharge the famous Marquis de Sade. The author of
Justine had spent many years as an inmate as a consequence of an order of
King Louis XVI. The director’s reason for discharging him was literally: ““He
is not mad, his only madness is vice” [2].

The second step was quite straightforward: to ascribe what was left—that
is, mental disease—to an organ, quite naturally the brain. Although it seems
that Voltaire coined the expression “mental diseases are brain diseases”, it
was the French alienist Esquirol [3] who introduced this concept in medi-
cine.

Immediately a third step was necessary, as psychiatry never fitted into a
reductionistic medical model, and psychiatrists recognized among their
patients some who seemed not to be suffering the consequences of brain
disorders (on the contrary, their clinical manifestations seemed exagger-
ations of everyday behaviour). In 1777 Cullen defined neuroses as preter-
natural reactions [4], which could be translated as “‘statistically abnormal
reactions”. This introduced a dichotomy of mental disorders which has
dominated up to very recent times, and is even present today.
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From then on psychiatry developed in a dualistic way. Dualism is attrib-
uted to the French philosopher Descartes [5], who described two substances
in human beings: one physical, which could be measured (res extensa), i.e.
the body, and one characterized by thinking (res cogitans), i.e. the mind. It
must be said that the trend to subdivide human nature is very ancient, and it
is a powerful tool to explain the existence of evil, which according to Becker
[6] is the main problem of the social sciences. This trend is present in gnostic
philosophy and theology and in modern science. The German philosopher
Dilthey [7] saw on the one side the sciences of nature (Naturwissenschaften),
or natural sciences, ruled by the presence of causality, as in Newtonian
physics. On the other side, however, he gave the status of sciences to other
activities which today would be called “soft science”, because they are
unable to put forward causes and effects and experimental methods. His-
tory is the best example. Here research delves into motives which lead to
consequences, and between the motives and the consequences there is a
space of uncertainty, which is in contrast to the immediate relation between
cause and effect. These sciences were called by Dilthey “‘sciences of the
spirit” (Geisteswissenschaften); other names applied to them are cultural or
humanistic sciences. Following this line, Jaspers [8] distinguished two
methods of psychopathological research: explanation, which is the search
for causes, and understanding, which is the search for motives.

This perspective shapes Kurt Schneider’s [9] approach, which is at the
core of current nosology, from DSM-III onwards. Schneider distinguished
two kinds of mental disorders: the psychoses, which can be attributed to
brain disorders, and the variations of the psychological way of being,
essentially the neuroses and the psychopathic personalities. Looking
closer and from the perspective of neuroscience, one of the branches of
sciences of nature devoted to the nervous system, a series of problems
appear.

The organic and symptomatic psychoses are straightforward. The med-
ical scientific model rules with no difficulties. Brain malfunctions and clin-
ical manifestations correlate smoothly.

Endogenous psychoses are different. They are characterized by manifest-
ations that do not correspond to normal psychological phenomena, nor do
they derive from them. They are, in the word of Jaspers, “incomprehen-
sible”’, which means that there are no motives in them, and therefore they
are not to be understood with the methods of humanistic sciences. Thus,
they should have an explanation leading to the discovery of a cause
following the principles of the sciences of nature. Well, yes and no.

Endogenous psychoses, schizophrenia and mood disorders, are the most
characteristic of psychiatric disorders, and also the most enigmatic. For many
clinicians they are the Delphic oracle of psychiatry [10]; for neuropathologists
they were their graveyard. Schneider again clarifies the difficulties when
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he says that endogenous psychoses are only sets of manifestations accepted
by convention (he says that when first-rank symptoms are present the diag-
nosis is what I call schizophrenia). Furthermore, the concept of “’symptoms”
does not apply properly to the clinical manifestations of endogenous psych-
oses. Tellenbach [11], for instance, refers to them as ““phenomena”. To sum-
marize, according to Schneider, the realm of schizophrenia and mood
disorders can never be fully explained from the perspective of natural neuro-
science.

What about neurotic and personality disorders? Here Schneider lays
stress on Griesinger’s notion [12] that they are not brain diseases but vari-
ations of the mode of being. This has often been misunderstood as meaning
that there is no biological basis for them. The point is that there is a
biological background, as there is in every psychological manifestation of
our life, but it is not different from the one lying under normal psychological
phenomena.

Looking at the relationship between neuroscience and psychiatry from
the other side, the problems have been also huge. First, there have been a
series of paradigms, most of them too reductionist. Second, some methodo-
logical problems may never be solved. The fight between localizationists
and their opponents still goes on today in the discussion as to whether
modules or circuits are the basic structures to investigate and correlate
with psychological activity. As to the methods, the lack of sufficient animal
models leads to the search for new ways of research.

The different disciplines involved in the study of the nervous system have
often developed in ignorance of the achievement of other disciplines. The
concept of neuroscience as an integrated field of research is very young.
Actually, it was born in 1969, when the Society for Neurosciences was
created.

Science is better at explaining abnormal phenomena than normal ones.
Physiology was born out of physiopathology and psychology out of psy-
chopathology. The first neuroscientific disciplines delved into diseases, led
by neuropathology. Normality is considered at a later stage. However, this
is not enough as other aspects come into consideration, development
being the first. Part of the success of Ramoén y Cajal was to study how the
nervous system grew in order to understand the role of its structure in
adulthood.

During the last few decades the development of psychosocial sciences has
reached a point where confluence with physiological and morphological
sciences is a reachable target. Even Freud dared to write a highly speculative
book on physiology for psychologists [13]. The founder of psychoanalysis
was interested in developing an everyday scientific psychology and he did
it from a physiological perspective. He was a physician, a pupil of Briicke,
who was one of the four main disciples of Johannes Miiller, the introducer
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of physiopathology in Germany. It is highly significant that Freud’s transla-
tors lost the everyday language which he used. For instance, where Freud
wrote Seele (““soul”), the French translators wrote appareil psychique, leading
to the notion that we have a “psychological organ’ or “‘system”’, just as we
have a digestive or sexual one.

Today the situation is different from the one faced by Freud. There is
much to be done, if only to drop the plural “neurosciences” in favour of the
singular, a science integrating many different disciplines. This is the real
challenge. One of the important recent changes lies in the fact that neurosci-
entists are interested in how the brain functions while performing everyday
tasks such as recognizing faces or familiar environments. To investigate this,
it is necessary to analyse psychological and cognitive functions and to
identify their basic elements. For instance, seeing is split down into the
perceptions of lines, colour, inclination and so on—elements that have
different receptors at the retina, different pathways and cortical areas.
Further cortical areas are able to recompose the different kinds of stimuli,
and others, the secondary visual areas, to link them to other perceptions and
memories.

In this context, the question is not what can neuroscience do for psych-
iatry, the answer to which is obvious, but the opposite: what can psychiatry
do for neuroscience?

In my opinion, psychiatry can help to overcome the limitations of dual-
ism. To do this, two approaches seem particularly important. The first is to
adopt a perspective beyond dualism. Following Lopez-Ibor Sr. [14] and
others, we have tried to delve into the body experience, which is not the
experience of a body separated from a soul, but the unitary experience of a
corporality. Corporality is an incarnated mind, an animated body (using the
Latin meaning of anima, “soul”).

The second approach is to define basic psychopathological disturbances
which relate to basic psychological functions that could be linked to basic
neurobiological activities. Here it is irrelevant whether these are cortical
modules or cortico-subcortical pathways. Zutt [15], a great German repre-
sentative of the anthropological trends in psychiatry, gives us two good
examples of this perspective. The first is the Gerstmann syndrome, a well-
known neurological syndrome appearing with lesions of left parietal cortex.
The syndrome is characterized by finger agnosia, left-right agnosia and
acalculia. A strange combination indeed. No so much, Zutt points out, if
we take into account that the hands have an asymmetry which is the
reflection of the asymmetry of nature, for instance of the spins of electrons.
This is called ““cheirality’” (from the Greek word cheiros, “hand’’). Therefore
there is a region of the brain which is able to recognize the hand and the
fingers. Damage at this level interferes with the recognition of hand and
fingers, and, simultaneously, with the other things we do with the internal-
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ization of the perception of these parts of the body: namely, to distinguish
right from left and to count. In other words, while differentiating right from
left, we internally look for our hands, the right and the left one, and while
doing mental calculations we make use of the internal image of our
fingers—the same fingers we used in school to perform basic counting.

The second example of Zutt is also very basic. Why do patients with
schizophrenia hear voices, and why is it not so common that they have
visual hallucinations? To put it differently, is there an equivalent in the
realm of seeing to the hearing of voices? The second formulation leads to the
right answer: feeling watched. Therefore, the basic phenomenon of the
schizophrenic experience is not having intruding hallucinations which
interfere with normal perceptions. It is the fact of being overwhelmed by
others: berated and spoken of in every aspect of life, be it visual, auditory or
other.

The research on computerized models of the mind offered new possibil-
ities for neuroscience. Goémez-Mont [16], in Mexico, has postulated the
presence of a cortico-subcortical circuit involved in discriminating the rele-
vance of perceptions. This circuit would be altered in patients with schizo-
phrenia, for whom every single detail of perception is loaded with the
certainty of a special meaning related to a delusion (the door opens, there-
fore the persecutors are coming in). Interestingly enough, this same circuit
may be involved in obsessions, and indeed, neuroimaging techniques [17,
18] have shown a hyperactivity in an orbitofrontal-caudate—pallidus—-thal-
amic circuit. One of the main characteristics of patients with obsessions is
that they are unable to distinguish what is relevant from what is irrelevant,
as Janet [19] described many decades ago. Therefore, the basic function of
differentiating which new perception is relevant is linked to a specific
circuit. This function is essential for survival, in order to detect possible
threats or opportunities that require the activation of other functions and
circuits. This basic function can be altered in several ways. For patients with
schizophrenia, every new perception is relevant, is a threat, while those
suffering from obsessions cannot reach a conclusion as to whether it is or
not. Therefore, the circuit and the mind of the individual with obsessions
turns on and on, until some external event interrupts it.

This approach to research is still speculative, but it opens new paths
which are fascinating and go beyond dualism. Looking at Griesinger’s
views today we can say, first, that the brain is involved in every kind of
mental disorder, be it an “organic”’ one or an ““aberration of the intelli-
gence”’ (an abnormal mode of being, in more modern words). Second, and
even more important for psychiatry, we have to learn to see ‘“the same
order of facts” in healthy psychological functioning and in disease. The
role of psychiatry as a neuroscience is to delve into the basic mechanisms
underlying both normal and abnormal phenomena and, at the same time, to
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contribute to destigmatizing mental disorders so that they are not seen as
something radically apart from the mental activity of everyday life, by
understanding the adaptive mechanisms involved in them and the way
these have gone astray.

Juan José Lopez-Ibor
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Precontrast CT Flow Image

Figure 3.2 CT images of the brain of a 75-year-old woman with acute ischaemic
stroke. A Precontrast CT (note visualization of the ventricular system and bone
structure; note also poor contrast between grey and white matter). B CT image after
injection of X-ray absorbing contrast medium reflecting blood flow.

Modified after Siemens-Elema AB. Copyright P-Ake PAhlstorp

A. Brain tissue at rest
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FiGURE 3.4 Functional magnetic resonance imaging (fMRI): blood oxygen level-
dependent (BOLD) phenomenon reflecting blood flow. A Brain tissue at rest, con-
taining a relatively low proportion of deoxyhaemoglobin in relation to oxyhaemo-
globin. B After activation the proportion of deoxyhaemoglobin increases, giving a
stronger signal from the tissue. C Image showing the increased signal in the visual
cortex generated from a comparison of the cortex at rest and the activated cortex
after visual stimulation.

Modified after [41]
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FiGURE 3.5 Principles of positron emission tomography (PET). A Radiotracer
nucleide decays and emits a positron. The positron travels 1-3mm and annihilates
with an electron in the tissue, creating two gamma rays emitted in opposite direc-
tions. B The two gamma rays strike opposing detectors, mounted in a ring of many
detectors, and a “‘coincidence event” is recorded. Image reconstruction yields the
radiotracer distribution.
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FiGURE 3.6 Examples of radioligands for positron emission tomography (PET)
imaging of the dopamine system.
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CHAPTER

1

Genetic Research in Psychiatry

Peter McGuffin

Social, Genetic and Developmental Psychiatry Research Centre,
Institute of Psychiatry, De Crespigny Park,
Denmark Hill, London SE5 8AF, UK

INTRODUCTION

Psychiatric genetics and the application of molecular methods to study-
ing psychiatric disorders is among the most rapidly expanding areas of
research within neuroscience. In common with genetic approaches to
other common and complex disorders, modern psychiatric genetics offers
a compellingly attractive route to the understanding of aetiologies of condi-
tions where the pathogenesis has until now been obscure. However, the
prospect that genes may be involved in behaviour, both normal and abnor-
mal, has often provoked controversy. For this reason I will begin by at-
tempting to set modern psychiatric genetics within its historical context
before going on to review what has been learned by the application of
classic quantitative genetic approaches. New developments in both stat-
istical and molecular genetics will then be surveyed and, finally, the clin-
ical and broader implications for the whole field of psychiatry will be
discussed.

A BRIEF HISTORY OF PSYCHIATRIC GENETICS

The idea that there is a hereditary component to mental illness is an ancient
one, but psychiatric genetics, like genetics generally, only came into being
as a branch of science at the beginning of the twentieth century. As far
back as the 1820s, there was evidence that systematic attempts were being
made to record the family histories of psychiatric patients. For example,
patients” case records at the Bethlem Royal Hospital in London, England,
showed that one of the routine questions that the admitting doctor was

Psychiatry as a Neuroscience. Edited by Juan José Lépez-Ibor, Wolfgang Gaebel, Mario Maj and Norman
Sartorius. © 2002 John Wiley & Sons Ltd.



2 PSYCHIATRY AS A NEUROSCIENCE

required to answer about the illness of his patient was “whether heredi-
tary?” [1].

The foundations of a scientific approach to the study of the inheritance of
behaviour were laid by Francis Galton, an English polymath and largely
self-taught scientist, in the second half of the nineteenth century. Stimulated
by the theory of natural selection proposed by his cousin, Charles Darwin,
Galton studied hereditary influence on behaviour, performed studies of
families and was the first to propose that twin studies would be useful as
a means of discriminating between nature and nurture. He also outlined the
statistical techniques of correlation and regression in studying resemblance
between relatives, and published the influential book Hereditary Genius,
containing studies of men of high ability and their families, in 1869.

Although this was three years after Mendel’s publication of his laws of
inheritance, Galton, in common with most biologists of his day, appeared
to be completely ignorant of Mendel’s work. Mendel’s writings and the
veracity of his laws were “rediscovered” over 30 years later, in 1900, and
thereafter recognized as fundamental to explaining patterns of inheritance.
Nevertheless, Mendel studied dichotomous (present/absent) characteris-
tics, whereas Galton’s work emphasized the fact that human beings differ
from each other mainly in terms of quantitative traits such as height, weight
or intellectual ability. Consequently, many biologists questioned whether
Mendelian laws had any general relevance and it was left to the statistician
R.A. Fisher to demonstrate that the inheritance of continuous variation is
readily explained by the combined affects of multiple genes, each of which
is individually inherited in a Mendelian fashion [2].

Discovery of a theoretical basis for genetic inheritance, coinciding with the
development of a workable system of classification of major psychiatric
disorders largely resulting from the work of Emil Kraepelin in Heidelberg,
paved the way for the beginnings of psychiatric genetics. Kraepelin moved
to Munich in 1904 and soon established what was in effect the first research
institute for psychiatry. Several of his senior staff began pioneering studies.
They included Bruno Schultz and Ernst Rudin, who carried out the first sys-
tematic family studies of schizophrenia, and Hans Luxemburger, who was
the first to apply the twin method to schizophrenia and manic-depressive
disorder in the 1920s. During the 1930s, the Munich Institute went from
strength to strength and attracted visiting research fellows who included
Erik Stromgren from Denmark and Eliot Slater from the UK. However, the
situation became less favourable as the Nazis, who came to power in 1933,
began to introduce laws based on their own interpretation of eugenics,
which included first compulsory sterilization and later extermination of
individuals believed to be suffering from hereditary disease. These included
patients suffering from schizophrenia, manic-depressive disorder, Hunting-
ton’s disease and even alcoholism. Luxemburger and Schultz opposed such
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policies, on both moral and scientific grounds [2], and Luxemburger was
banned from teaching at the University [3]. However, Rudin supported
the Nazi policies and attained high eminence in German medicine under the
Nazi regime. After the end of the Second World War, Rudin was tried by
the Allies and found guilty of being a ““fellow traveller’” rather than a major
perpetrator of war crimes. However, the depth of his involvement remains a
subject of heated debate.

In the aftermath of the Second World War, psychiatric genetic research
virtually ceased in Germany, its birthplace. However, it continued to pro-
gress, albeit on a small scale, elsewhere in Europe, particularly in Scandi-
navia and in the United Kingdom, where Slater set up a twin register at the
Bethlem Royal and Maudsley Hospitals and developed a research group
which eventually resulted in the setting up of a Medical Research Council
(MRC) Psychiatric Genetics Unit in 1959.

Meanwhile, in the United States, psychiatric genetic research had con-
tinued: most notably, that carried out by Franz Kallmann, a German who
had worked in Munich but who was half Jewish and had emigrated to the
United States shortly after the Nazis came to power. Kallmann and others
employed family and twin methods in research on a variety of traits and
disorders, and twin research in particular was developed and refined both
in the United States and in Europe.

By the later 1960s, the family and twin data on schizophrenia were begin-
ning to make the case for a genetic component, with clear-cut results arising,
for example, from Gottesman and Shields’ [4] twin study in the London
MRC Psychiatric Genetics Unit. However, schizophrenia at this stage was
an ideological battleground in psychiatry, with “anti-psychiatrists”” such as
R.D. Laing arguing that schizophrenia was an understandable reaction to
pathological family dynamics, and others, such as Thomas Szasz, arguing
that schizophrenia was not an illness at all, but a “myth” created by doctors.
For many mainstream psychiatrists, the vital pieces of evidence that clinched
the argument in favour of genes having a role came from adoption studies.
These were carried out first by Leonard Heston [5] and very soon after by
Seymour Kety [6] and others in a landmark US-Danish collaboration. The
results led Kety to make his famous remark that /if schizophrenia is a myth,
it is a myth with a strong genetic component”.

Despite the apparent triumph of these converging pieces of evidence from
family, twin and adoption studies, psychiatric genetics remained unfashion-
able throughout the rest of the 1960s and 1970s. It was only really with the
explosion of interest in biological psychiatry both in the United States and
Europe that began in the later 1970s and continued into the 1980s, combined
with the impact of the “new genetics”” of recombinant DNA [7], that psychi-
atric genetics began again to find its place within the mainstream of research
into mental illness. At the same time, the closing years of the twentieth
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century and the beginnings of the twenty-first have seen a dramatic increase
in public interest in all things genetic or purportedly influenced by genes.
Much of the media speculation has seen greatly overblown claims: not just
of a genetic contribution to diseases, but reports that scientists have dis-
covered the ““gene for”” such behaviours as aggression, intelligence, crimin-
ality, homosexuality and even feminine intuition [8]. Such reports often
suggest a direct correspondence between carrying the gene and manifesting
the trait or disorder, and only more rarely mention that complicated traits
involving behaviour are likely to have a more complex genetic basis. In this
chapter I will focus on the useful methods of research in quantitative and
molecular studies of psychiatric disorders and attempt to clarify what they
can really tell us about the aetiology of such conditions. I will then attempt
to predict the likely impact of such knowledge on the development of
psychiatry as a neuroscience in the twenty-first century.

FAMILIAL BEHAVIOUR

One of the fundamental pitfalls of studying the genetics of behaviour, or any
other complex trait, is to assume that familial aggregation necessarily means
that the trait is genetic, or that a strong clustering within families means that
single gene effects are present. Although some disorders involving behav-
iour can be entirely explained by single genes, this is the exception rather
than the rule. Alzheimer’s disease (AD), for example, includes early-onset
forms resulting from three different mutations in the genes called presenilin
1 on chromosome 14, presenilin 2 on chromosome 1 and the amyloid pre-
cursor protein gene on chromosome 21 [9]. However, these account for less
than 1% of all cases of AD, whereas the vast majority of cases are of late
onset and involve a combination of genetic and environment factors. Genes
involved in later-onset AD have been identified, most notably the &4 allele of
the apolipoprotein E gene. However, carrying this allele is neither necessary
nor sufficient to cause the disorder: that is, individuals who have the ¢4
allele are at a higher risk of developing the disorder than those without, but
the allele confers an increased risk, not a certainty, of getting AD, and many
sufferers of the disease—more than half in some studies [10]—do not carry
the &4 allele at all.

By contrast, geneticists have long been aware that Mendelian inheritance
can be simulated by other mechanisms [11]. For example, a study of the
educational histories of the parents and siblings of medical students
revealed that attending medical school was roughly 80 times more common
in these family members than in the population at large. Segregation analy-
sis showed that the trait “attending medical school” survived most of the
statistical tests for autosomal recessive inheritance [12]. The point of
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the study was not to convince geneticists that they should embark on cloning
the gene for attending medical school, but rather to show that an oversimple
assumption about a complex trait can lead to highly misleading outcomes.
On the other hand, there could well be some genetic contribution to
attending medical school, for example, via the influence of genes on intel-
lectual ability or on personality types associated with career choice.

The evidence that genes do in fact contribute to many types of behaviour
comes from two types of natural experiments that, as we have already
mentioned, have played an important part in the history of psychiatric
genetics and continue to provide vital tools. Essentially, twin and adoption
studies tell us whether traits running in families result from shared genes,
shared environment or a combination of the two.

NATURAL EXPERIMENTS

Monozygotic (MZ) or identical twins have all of their genes in common and
share a common environment. Dizygotic (DZ) or fraternal twins share, on
average, half of their genes and again share a common environment. As-
suming that common environmental effects are as influential in DZ as in MZ
pairs, any greater similarity regarding a given trait in MZ pairs should
reflect the influence of genes. Although this “equal environments’” assump-
tion has been criticized—because MZ twins may, for example, more often
dress alike and share friends than DZ twins—various checks suggest that it
is generally valid [1]. Twin studies have been important in demonstrating a
genetic contribution to disorders such as schizophrenia [13], depression
[14, 15] and manic-depressive disorder [16], as well as measures of normal
behaviour such as cognitive ability as measured by IQ tests [17], and
personality as measured by questionnaires [1]. Twin studies have also
been important in locating a strong genetic contribution to childhood dis-
orders such as attention deficit hyperactivity disorder (ADHD) [18] and
autism [19], which in the comparatively recent past had been attributed
largely to bad parenting. Some examples of twin study results are summar-
ized in Figure 1.1, where resemblance is expressed as a correlation coeffi-
cient. The other commonly used statistic for summarizing resemblance in
clinically ascertained samples is probandwise concordance, that is, the
proportion of co-twins index cases (or probands) who are affected. Most
of the syndromes shown in the figure show a clear MZ/DZ difference
favouring a genetic contribution, whereas for others, such as bulimic behav-
iour and disabling fatigue in childhood, there is evidence of familiality, that
is, there are positive correlations, but there are less clear genetic effects. In
other words, there are only modest differences in the MZ and DZ correl-
ations.
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FiIGurRE 1.1 Monozygotic (MZ) and dizygotic (DZ) twin similarity expressed as
correlations. Adapted from [8]

It is also worth noting that twin studies provide one of the most convin-
cing pieces of evidence that environment influences behaviour. MZ twins
who are “natural” clones of each other have only about a 70% correlation in
liability for schizophrenia, and approximately the same is true if we take a
normal trait such as IQ, where again the observed correlation in MZ twins is
70%, not 100% [17]. The effect of environment is perhaps even more striking
if we consider discordance for particular disorders. For example, if one
member of an MZ pair has a disorder such as schizophrenia [20] or depres-
sion [14], the risk of the other twin developing the same disorder is some-
what under 50%.

Another important approach to using twins to explore the effects of genes
and environment on a complex trait is to focus on twins reared apart. In
particular, identical twins who have been separated very early in life
should, in theory, provide very clear evidence of the extent to which a
trait is influenced by genes. In practice, the study of reared-apart identical
(MZA) twins presents a number of problems. The most important is that
MZA twins are rare, and it is not usually possible to ascertain a series of
such twins in a systematic fashion. Thus, whereas twins reared together can
be collected using hospital-based or population-based registers, most MZA
series have depended on advertising for volunteer twins to come forward,
which introduces the possible bias of those twins who are least dissimilar
presenting for study. There is also the problem that if MZA twins are rare,
those pairs where at least one individual has suffered from a particular
disorder will be rarer still. Therefore, studies of reared-apart twins tended to
focus on continuous characteristics within the normal range, such as IQ or
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personality, and here they have played an important role in confirming that
there are substantial genetic effects [17].

ADOPTION STUDIES

For many, adoption studies offer a more convincing separation of the effects
of genes and environment than do twin studies and, as we have already
noted, adoption studies had an important role historically in turning the
tide towards a more biological view of schizophrenia. However, because of
the difficulties in carrying out adoption studies, they have been used much
less than twin studies in investigating the genetics of behaviour. There are
three principal designs, all of which have been used in studies of schizo-
phrenia and which are summarized in Table 1.1.

Adoption studies have also had an important role in contributing to the
evidence that genes play a part in antisocial behaviour, alcoholism and
affective disorders. However, in the case of affective disorders, the pattern
of findings has been less than clear-cut. Thus, in contrast to twin studies, all
of which point to a genetic contribution, some of the adoption studies are
inconclusive, and this seems at least in part a result of the fact that they have
relied upon indirect sources of information rather than direct examination
of the subject themselves [15].

MODELS OF INHERITANCE

One thing is clear from observing the patterns of inheritance of common
psychiatric disorders and this is that usually we are not dealing with simple
Mendelian traits. Although some neuropsychiatric diseases such as Hun-
tington’s disease and certain early-onset subtypes of familial AD show
simple dominant inheritance, these are the rare exceptions rather than the
rule. The patterns of segregation within families and the less than 100%
concordance in MZ twins show that we are dealing with conditions that
require more complex explanations of their inheritance than is allowed by
classical Mendelian theory.

The most straightforward approach is to invoke the notion of incomplete
penetrance. Penetrance can be defined as the probability of manifesting a
phenotype given a particular genotype. Under Mendelian inheritance, pene-
trance is always either 0 or 1. Thus, in Table 1.2 we consider a disease (or
more generally, a present/absent trait) where there is autosomal inheritance
at a single locus with two alleles A; and A;. There are therefore three geno-
types, as shown in the table, and if A; is the normal or wild-type allele and
Ay is the disease or mutant allele, under a dominant model the heterozygotes
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TABLE 1.2 Present/absent traits and the general single major locus model

Genotypes A1A AA, ArA,
Penetrances
Dominant 0 1 1
Recessive 0 0 1
General 0<fi<1 0<fh<l1 0<f3<1
Frequency of genotype (1- q)2 2(1-q)q g
Population frequency fi(1—q)? +£,2(1 - q)q +f3q°
of trait

and the A;A; homozygotes will show the disorder, whereas under a reces-
sive model only the A>A; homozygotes are affected. A more general model,
called the two-allele single major locus (SML) model, allows the penetrances
to have any value f; that is between 0 and 1. In the table, the assumption is
made that the frequency of the genotypes conforms to Hardy-Weinberg
equilibrium [25]. Therefore, the frequency of the disorder in the population
is simply the sum of the frequencies of each of the genotypes multiplied by
their respective penetrances.

General SML models of this type have been explored in the past as possible
explanations of the inheritance of schizophrenia [26, 27] and bipolar affective
disorder [28]. However, the classic Slater-Cowie model of schizophrenia has
beenshown to give a very poor statistical fit to observed data [29], and the more
recent studies strongly suggest that neither of these conditions show patterns
of transmission that can be explained either by a single gene with incomplete
penetrance, or by a collection of single genes each having incomplete pene-
trance [30, 31]. Nevertheless, the general SML model remains of both theoret-
ical and practical importance, as the basis on which complex diseases are
modelled in genetic linkage analysis, which will be discussed later.

By contrast, models assuming that there are combined effects of multiple
genes tend to provide more satisfactory explanations of the available data
[32]. It is assumed that liability to a disease is a (usually unobserved) continu-
ous variable that is contributed to by multiple genes plus environmental
effects. Liability would thus tend to be normally distributed in the popula-
tion and only those individuals whose liability at some point in time exceeds
a certain threshold manifest the disorder [33]. The relatives of affected
individuals will have an increased liability compared with the general
population, so that more of them will fall beyond the threshold for being
affected. Knowing the proportion of affected individuals in the population,
and the proportion among a certain class of relatives, allows the calculation
of the correlation in liability [33, 34].
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Knowing the correlations in liability for MZ and DZ twins allows model
fitting to estimate how much genes and environment contribute to a trait. In
the most straightforward, “ACE”, model it is assumed that a trait is contrib-
uted to by additive genetic effects (A) resulting from several, perhaps many,
genes at different loci, effects resulting from a common or shared environ-
ment (C) that increase the resemblance between members of a twin or sibling
pair, and non-shared environment (E). Non-shared environment is specific to
the individual and therefore tends to make twins or siblings differ from each
other (in practice, estimates of this term also include measurement error and
so E is sometimes also referred to as “‘residual environment’’). The methods
used to fit such models nowadays employ an approach called structural
equation modelling [35]. Structural equation models can be used to explore
the relationship between observed variables, i.e. phenotypes, in terms of
underlying unobserved (or latent) variables including genotypes and shared
or residual environment. This can be represented by a path diagram such as
Figure 1.2. In classic path analysis [36], the expected values of the correlations
between pairs of observed variables can be written down as the sum of the
permitted paths connecting them. In Figure 1.2, the connecting paths be-
tween phenotypes 1 and 2 sum to give a correlation r = Bh? 4 c>. Where the
individuals represented by phenotypes 1 and 2 are MZ twins, B =1, and
where they are DZ twins, B = %. Thus, where information is available on both
types of twin, we would have two observations allowing a solution to the
equations for the two unknowns h? and 2.

In practice nowadays, when working with continuous data, it is more
common to fit models using covariance matrices [35].

Figure 1.3 summarizes recent model fitting results for various traits and
disorders. There are two striking findings. The first is that nearly all behav-
iours that have been studied showed moderate to high heritability [37]; the
second is that although environment plays a role, this tends to be of the non-
shared type. That is, environmental factors that make people different from

B
N

Gl G2

h CE h
AN

P1 P2
rjy = Bh2 + ¢2

FIGURE 1.2 A simple univariate structural equation model
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FicuRrE 1.3 Estimates of genetic and environmental effects from recent twin studies.
A is additive genetic variance, or heritability, C is variance explained by shared
environment and E is variance resulting from non-shared environment and errors of
measurement. Adapted from [8]

their relatives rather than similar to them (E) are more often involved in
shaping behaviour than are shared environmental effects (C).

Although the polygenic/multifactorial model, as represented by the ACE
model, appears for most psychiatric traits to be a better approximation to
reality than single-gene models, there are further complications that need
to be taken into account. One of these is shown in Figure 1.3 with respect to
cognitive ability or IQ, where C, common environment, has a significant role
in childhood, while in adult life, particularly in older adults, this appears not
tobe the case [17]. Thus, as we get older, our resemblance to our relatives with
respect to IQ appears increasingly to result from the genes that we share with
them rather than from the environments that we have in common. A similar
pattern of increasing heritability and a decreasing role for common environ-
ment from childhood through to adolescent and adult life also appears to be
the case for depressive symptoms [38] and antisocial behaviour [39].

Another complication is that, although standard classification schemes
such as ICD-10 and DSM-1V attempt to define discrete and mutually exclu-
sive categories, in real life there is a tendency for patients to have the symp-
toms of more than one disorder or even fulfil the diagnostic criteria for two or
more disorders. An example of disorders that frequently occur together are
anxiety and depression. Model-fitting approaches using bivariate analysis,
i.e. investigating the co-occurrence of two disorders in twins rather than
analysing one disorder at a time, suggest that the genes contributing to
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anxiety and depression are mainly the same [38, 40] and that the different
phenotypic manifestations are strongly influenced by the environment.

There is also evidence that, in certain behavioural traits, genes and envir-
onment may be correlated. One mechanism is that certain genotypes pre-
dispose the individual to seek out certain environments. For example, those
with the better innate abilities in, say, sport, music or general academic skills
may be more likely to choose environments in which their talents can
flourish [1]. There may also be gene—environment interactions that differ
from simple gene plus environment co-action. One example of this is anti-
social behaviour. It has been shown that adoptees with a biological parent
who exhibited antisocial behaviour tended themselves to show antisocial
behaviour when raised in adverse environments. In contrast, in those
adoptees who did not have an antisocial biological parent, the frequency
of antisocial personality did not differ between those raised in favourable
and those raised in unfavourable social circumstances [41].

A more complicated example, where so far it has been difficult to tease out
gene—environment correlation and gene-environment interaction com-
pletely, concerns the relationship between genes, life events and depression.
A study by McGuffin et al. [42] produced the initially surprising finding that
the relatives of depressed index cases not only had an increased risk of
depression but also had higher rates of life events than the general population.
Subsequent twin studies confirmed the familiality of life events [14, 43, 44].
Although part of the familiality of life events can be explained by the same life
event impinging on more than one member of the family [45], this does not
offer a complete explanation for all categories of events, and in particular
those events that have variously been classified as “dependent” or ““control-
lable”” seem to be partly influenced by genetic factors [14, 43]. There is even
some evidence that part of the overlap between depressive symptoms and life
events can be explained by the fact that the ways that subjects report both are
partly influenced by the same genes [46]. This is an area where more work is
required, but where the data so far tell us that the interplay between genes and
environment is much more complex than it appears at first sight.

Finally, gene—gene interactions present a further complication beyond
simple additive models. The most familiar interaction is between two alter-
native genes or alleles at the same locus—the phenomenon of dominance—
but in addition there may be interaction between genes at different loci—the
phenomenon called “epistasis”’. Whereas purely additive polygenic models
predict that the similarity or correlation between relatives is in direct pro-
portion to the number of genes that they share, epistasis will tend to exag-
gerate the similarity between relatives who share a high proportion of
genes. For example, the pattern seen in schizophrenia, where MZ twins
show around 50% concordance, DZ twins or first-degree relatives show
around 10-15% concordance, and the rate in second-degree or more distant
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relatives falls to 3 or 4%, may reflect the epistatic interactions of several loci
[47]. A statistical study of the familial aggregation of autism has also sug-
gested epistasis [48], and the phenomenon could be widespread in poly-
genic systems that influence behaviour.

MOLECULAR GENETIC APPROACHES

The implication of the finding that genes play a substantial, albeit compli-
cated, role in common psychiatric disorders, and most normal behaviours,
is that it should be possible to find and identify such genes. The dramatic
advances over the past three decades in using genetic markers to chart the
human genome—23 pairs of chromosomes on which our genetic material is
carried—are summarized in Box 1.1. The first draft sequence of the entire
human genome was published in 2000, and a more detailed initial sequen-
cing and analysis of the human genome [49] shows that there are about
3200040 000 protein-coding genes in the human genome. Although this is
half as many as was once thought and only about twice as many as in
worms or flies, it remains an enormous task to search through them and
find the genes involved in psychiatric disorders.

Broadly, there are two conventional approaches to identifying the genes
involved in complex traits. These are candidate gene studies and positional
cloning. “Candidate genes” are those that encode for proteins that might be
involved in a trait or disorder. Since at least half of all genes are expressed in
the brain, the potential number of candidates is overwhelming and has to be
narrowed down by informed guesswork. In psychiatric disorders, useful
leads may be provided by the mode of action of drugs. For example, all the
standard drug treatments used in schizophrenia (e.g. chlorpromazine or

Box 1.1 Progress in gene mapping

1970s: *“Classical” markers (6% coverage of genome)
1980: The ““New Genetics” and restriction fragment
length polymorphisms (RFLPs)

1987: (Nearly) complete linkage map (95%)

1990: Microsatellites

1996: Comprehensive map (100%)

1999: Single nucleotide polymorphism (SNP) con-
sortium set up

2000: > 200000 SNPs on map

2001: 1.42 million SNPs
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haloperidol) are known to block dopamine D2 receptors, while the newer
“atypical” antipsychotics, such as clozapine or olanzapine, block both dopa-
mine receptors and serotonin receptors, particularly 5SHT2A. There have
now been numerous studies comparing the frequency of polymorphisms
(variants) in the 5SHT2A receptor gene in schizophrenic and control subjects.
Although not all results are clear-cut, a meta-analysis suggests a small but
significant effect in conferring susceptibility to schizophrenia of allele 2 of a
bi-allelic polymorphism (T102C) found in the first exon or coding region of
the gene. Although T102C is in an exon, it appears to be a “‘silent” poly-
morphism, i.e. it does not result in an amino acid change in the protein. It is
therefore likely that the effect of the variant on susceptibility to schizophre-
nia results from another polymorphism that is nearby. For example, it is has
been shown that there is a polymorphism in the promoter region of the
gene, where the same allele is always found in combination with the 5SHT2A
T102C allele 2 [50], a phenomenon called linkage disequilibrium.

Among dopamine receptor genes studied in relation to schizophrenia,
there has been greatest interest in the DRD3, one of the D2-like family.
Although, again, results are somewhat conflicting, a matter analysis overall
shows a significant association with being homozygotic for a polymorphism
in the first exon of DRD3 [51]. Neither DRD3 or 5HT2A variance on their
own is sufficient to cause schizophrenia, but it seems likely that both are
part of the set of polygenes that contribute to liability to the disorders.

Similarly, the most effective medication in ADHD, methylphenidate, is
known to increase the availability of dopamine in the brain, and a poly-
morphism in a different dopamine receptor, DRD4, has been shown in
several studies to be associated with the disorder [45, 52].

The above examples using candidate gene approaches have all used an
allelic association design. In its simplest form, an allelic association study
just compares the frequency of a particular marker allele or a haplotype (two
or more alleles at closely adjacent loci carried on the same chromosome) in a
sample of cases with the frequency in a sample of control subjects. Until
recently, association studies were essentially confined to candidate genes.
More systematic genome searching depended (and to a large extent still does
depend) on detection of a related but slightly different phenomenon, genetic
linkage. Linkage detection provides the starting point for positional cloning.
This approach to identifying genes makes use of the fact that there are now
excellent marker maps available, with polymorphisms providing thousands
of approximately equally spaced reference points spread throughout the 23
pairs of chromosomes. The classic starting point for positional cloning is to
collect a set of families containing multiple members affected by a disorder
and to detect genetic linkage. Linkage occurs when a pair of gene loci are
close together on the same chromosome and fail to follow Mendel’s law of
independent disorder. That is, within families, the same alleles are found
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together more than would be expected by chance (although it may be
different alleles in different families). In gene mapping studies, the genome
is measured in units called centimorgans (cM). One ¢cM corresponds to a pair
of loci showing crossing over, or recombination, one meiosis in a hundred.
Loci that are on different chromosomes or that are far apart on the same
chromosome show crossing over half of the time; that is, they obey Mendel’s
law and assort at a frequency no higher than chance. Loci that are close
together tend to depart from chance assortment and, within certain limits,
the frequency of recombination between loci is proportional to the physical
distance between them. The whole genome, averaged across the sexes, is
about 3500 cM long, with 1 c¢cM roughly corresponding to just under a
megabase of DNA (or a million base pairs).

Linkage can be detected over relatively long distances—10 <M or more—so
it is possible to mount a whole genome search using just a few hundred
evenly spaced markers. The disadvantage of linkage is that it is capable only
of detecting large effects. Linkage analysis is therefore straightforward in
simple Mendelian disorders, such as Huntington’s disease or early-onset AD
(Table 1.3). However, in the case of complex traits, such as schizophrenia, it is
more of a challenge [53]. Despite this, a number of regions of interest have
been identified by more than one study. Furthermore, for another complex
trait, reading disability, there appears to be a fairly high degree of consistency
across linkage studies. In particular, there have been notable successes in the
detection of loci on chromosomes 6 [54-56] and 15 [57]. There is also reason-
able consistency in linkage studies on childhood autism. In particular, several
groups have reported evidence of a locus on chromosome 7 [58].

One of the difficulties that has beset attempts to detect linkage in psychi-
atric disorders and other common diseases is that the mode of transmission
is unknown. That is, the disease does not follow a simple Mendelian pattern
of segregation in families. The standard statistical approach to detecting
linkage and to estimating recombination is to calculate LOD (log of the odds)
scores [59]. A LOD scores the common log of the ratio of the probability that
the recombination fraction has a certain value, 6 < 0.5, to the probability
that = 5. The LOD scores are calculated for a range of values of 8 from 0 to
5 and the value that gives the maximum LOD is taken as the most likely
value of 6. By convention, a LOD of 3 or more is accepted as providing
sufficient support for linkage and a LOD of —2 or less excludes linkage.
Unfortunately, LOD scores were originally intended for use with simple
traits. Using the general SML approach described earlier, it is possible to
adapt the LOD method to traits that do not show simple Mendelian pat-
terns, but this requires correct specification of the parameters defining the
model, the penetrances and the gene frequency (Table 1.1) for the particular
disease. Otherwise, at best the estimation of recombination will be incorrect,
and at worst linkage will not be detected even when it is present [60].
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TABLE 1.3 Some behavioural disorders and traits, their pattern of inheritance and
the status of gene mapping studies. Adapted from [8]

Behavioural trait Pattern of inheritance Gene mapping

Huntington’s Rare autosomal dominant ~ Gene identified (huntingtin)
disease dynamic mutation with unstable trinucleotide

repeat.

Early-onset (familial) Rare autosomal dominant  Three distinct genes
Alzheimer’s identified (presenilins 1 and
disease 2, and amyloid precursor

protein).

Fragile X mental Non-standard X-linked Two genes identified (FMR1
retardation dynamic mutation and 2), both with unstable

trinucleotide repeats.

Late-onset Common complex Increased risk with
Alzheimer’s apolipoprotein &4 allele
disease firmly established.

Attention deficit Common complex Three contributory loci in the
hyperactivity dopamine system, DRD4,
disorder DAT1 and DRD5; DRD4

best replicated, others less
certain.

Dyslexia Common complex Two contributory loci

suggested on chromosomes
6 and 15; findings
replicated.

Schizophrenia Common complex Numerous reported linkages
including chromosomes 1,
5,6,10,13, 15 and 22 but no
consensus; a few promising
candidate genes include
5-HT2A and CHRNA?.

Aggression Common complex Mutation reported in X-linked
MAO-A gene in one family;
no evidence of broader
relevance.

Male homosexuality =~ Common complex Association reported at
X-linked marker locus in
sib pairs; not replicated.

Other problems include possible genetic heterogeneity in common dis-
orders and lack of precision in defining who is affected or unaffected (not
a problem with clear-cut cases or clearly healthy family members, but a
difficulty with relatives who have “spectrum’” disorders). The most straight-
forward way of dealing with these problems has been to concentrate on
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extended multiplex pedigrees, i.e. families with many affected members, to
make an informed guess at the mode of transmission and to assume that,
even if there is heterogeneity in the disorder as a whole, there is homogen-
eity within each family. These simplifying assumptions have worked well
with some common diseases. Most notable among psychiatric successes has
been AD (Table 1.3). However, in other disorders, such as schizophrenia,
concentration on large multiplex families has produced less clear results
and there has been a move toward alternative approaches, such as focusing
on affected sib pairs [51]. Affected sib pairs may be more representative of a
common disorder generally than subjects from multiplex pedigrees and
they lend themselves to “model-free” methods of analysis. This depends
on the fact that at any given locus the probabilities of a pair of siblings
inheriting zero, one or two alleles identical by descent from their parents are
respectively %, ¥2 and %. Greater allele sharing than would be expected by
chance in pairs of sibs who are both affected by the disease suggests that the
locus is close to a gene conferring susceptibility to the disease.

A disadvantage of sib pair methods is that the price paid for simplicity
and robustness is a comparative lack of power. Whatever the method used,
both practical experience and simulation studies [61] suggest that, unless
the sample sizes are extremely large, linkage is difficult to detect with genes
that confer a relative risk of a disorder of much less than about 3 or account
for less than around 10% of the variation in liability. Genes with effects that
are that large may be rare in common diseases. For example, a genome scan
for linkage in schizophrenia in almost 200 families effectively excluded a
gene having a relative risk of 3 from most of the genome [51].

The need to detect genes having only small effects has brought about a
renewed interest in allelic association in a more systematic fashion, that is,
not just focusing on potential candidate genes. As noted, association is the
phenomenon whereby a particular allele at a marker locus is found together
with a trait or disorder more than would be expected by chance. In contrast
with linkage, the same allele is found across the population (rather than just
within particular families). The simplest study design is just to compare
allelic frequency between affected cases and controls. It has long been known
that association can detect genes that account for as little as 1% of the variance
in a trait [62]. However, association only occurs either if the marker itself
confers liability to a disorder or the marker and the disease susceptibility
locus are so close together that there is linkage disequilibrium (LD), that is,
association is undisturbed over many generations of recombination.

One of the hazards of association studies is recent admixtures of popula-
tions, which can result in a phenomenon called stratification. This occurs
when two ethnic groups have different frequencies of the disease or trait
being studied and also have different frequencies of marker alleles. Conse-
quently, in mixed populations from these groups there may be a spurious
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association unless cases and controls are carefully matched for ethnicity. To
overcome the need to carry out case—control matching, which may be very
difficult in some highly admixed populations where there has been much re-
centimmigration, one can use family-based methods with “internal”’ controls.
For example, the transmission disequilibrium test (TDT) [63] depends on at
least one parent of each affected subject being heterozygous at the marker
locus and compares the frequency of affected offspring to whom a particular
allele is transmitted with the frequency of those who do not receive that allele.

Another issue to do with control selection if family-based methods are not
used is whether to rigorously exclude affected individuals (or those with a
family history of the disorder) from the control sample. Doing careful
screening of controls obviously increases the time and costs of association
studies. It turns out that for comparatively uncommon disorders—those
with a population frequency of 1% or less—power is not much reduced by
failing to screen out affected individuals from the control group, whereas
for common disorders, with a frequency of 10% or more, it pays in terms of
maximizing power to carefully screen controls for the disorder [64].

In most populations LD can only be detected over very short distances:
hence thousands not hundreds of markers are needed to carry out the
genome scan for LD. There is considerable current debate over the approxi-
mate number of markers that would be required to perform a thorough
genome scan by LD. One controversial suggestion based on simulations is
that it might be as many as 500 000 [65]. However, some empirical studies
have shown that LD can readily be detected in moderately outbred popula-
tions over a distance up to 1 ¢cM [66]. Although LD is not evenly distributed
across the genome, this would mean that a few thousand markers would
suffice for a first trawl. Even so, until recently a genome search using this
number of markers was not feasible (and hence, as we have noted, associ-
ation studies were restricted to candidate genes). However, now maps based
on thousands of polymorphisms of a type called short sequence repeats are
already available, and a map based upon hundreds of thousands of single
nucleotide polymorphisms (SNPs) is rapidly being developed. Linkage and
association are compared in Table 1.4 and are best regarded as comple-
mentary rather than competing strategies in complex diseases [67].

The implication of carrying out a genome search using LD is that very
large amounts of genotyping must be carried out. New methods of high-
throughput genotyping are being developed that can accomplish this based
on a variety of methods to detect SNPs on microarrays, using mass spec-
trometry, or other methods such as denaturing high-performance liquid
chromatography (dHPLC) [68]. Another approach is to use DNA pooling,
where the first stage involves combined analysis of the pooled DNA of all of
the cases and compares the results with findings on the pooled DNA of
all of the controls. Any differences are then checked out by individual
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TaBLE 1.4 A comparison of linkage and association

Linkage Association
Uses families Uses cases and controls or families
with “internal controls”

Detectable over large Detectable only over very small
distances, >10cM distances, 1cM or much less

Can usually only detect fairly Capable of detecting small effects,
large effects, e.g. a relative e.g. odds ratios <2 or as little as
risk >2 or >10% of variance 1% of variance

genotyping [69]. The first ““top-to-bottom”” searches of whole chromosomes
using DNA pooling had been published as a part of a search for genes involved
in cognitive ability [56, 70]. With such technical advances, the problems of
genome-wide searches using LD are beginning to appear tractable.

The classic approach to positional cloning, once a region of interest has been
identified, involves a combination of molecular techniques, including phys-
ically cutting the DNA from the region into smaller, more manageable pieces.
These are then cloned into a vector such as yeast or bacteria. Now, because of
advances resulting from the human genome project, much of the hard work of
positional cloning has been replaced by cloning by computer (“cloning in
silica’’). Thus, genome sequence, gene sequence or even identification of
polymorphisms can be achieved by searching appropriate databases.

Ultimately, the combination of ever more complete information on the
genome sequence, the genes and the control elements contained therein,
together with ready accessibility via computers attached to the Internet,

# Linkage or association

Q prediction

# location

i gene identification
w structure and sequence diagnosis
w gene product
treatment

FIGURE 1.4 A schematic representation of positional cloning
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means that the genes involved in psychiatric disorders and even those
involved in normal behaviours will be tracked down and identified. The
systematic genome search approach and candidate gene strategies will, in
effect, converge very rapidly once all genes have been definitely identified
and characterized. This will occur because all genes that are expressed in the
brain can be considered as candidates, and SNPs, including those in coding
regions (cSNPs), together with SNPs in promoter regions, will become the
obvious targets for association studies. Even if the number of these is large,
as is likely to be the case, high-throughput genotyping methods will make
such studies practicable. The only obstacle, therefore, to detecting and iden-
tifying genes of even small effect will be having samples of DNA from well-
characterized populations. This means that assembling large-scale collec-
tions of cases, controls and families containing affected individuals and
making this material available to the research community is likely to entail
a massive combined effort from multiple centres. The outcome of such
research is likely to have a very profound implication for the scientific and
clinical development of psychiatry in the twenty-first century.

IMPACT OF GENETICS ON PSYCHIATRY IN THE
TWENTY-FIRST CENTURY

The first area that is likely to receive an important impact from what we can
now call “behavioural genomics” [8] is an improved understanding of
the neurobiology of disease. Currently, not only do we have a draft of the
human genome, but there are also complete genome sequences available on
databases of over 60 species [71]. Comparing genomes across species and
noting differences in those genes that have been conserved will show the
major variations between species and offer an understanding of the basis for
a biological evolution. Knowing the structure and function of all human
genes has been compared with discovering a ““periodic table of life” [71]. It
paves the way for a series of paradigm shifts where the emphasis moves
from the structure of the genome to a functional genomics and to proteo-
mics, the study of proteins at a functional level. A striking example of how
one complex aspect of human behaviour, circadian rhythms, can be dis-
sected and its basis understood at a molecular level is given by the recent
discovery of new ““clock” genes simply by analysis of the draft sequence of
the human genome, searching for genes with a high similarity to known
clock genes originally discovered in mice or fruit flies [72].

Even before the publication of the draft sequence of the human genome,
discoveries arrived at by positional cloning in AD had begun to provide
important new understandings of neuropathological mechanisms, as de-
scribed in Chapter 9 of this volume. Although AD has a characteristic
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neuropathology that was described at the beginning of the twentieth cen-
tury, the problem of uncovering its pathogenesis did not appear to have a
tractable solution until the discovery of the role of mutations in amyloid
precursor protein and the presenilin genes. Interestingly, although preseni-
lin 1 on chromosome 14 was identified by positional cloning, presenilin 2
was discovered essentially by its homology with presenilin 1 and subse-
quently demonstrated to have an aetiological role by linkage analysis. As
with the discovery of new clock genes, we can expect the discovery of
families of genes involved in abnormal and normal behaviours to become
more commonplace.

Identification of the genes and gene products involved in psychiatric
disorders should have very important implications for pharmacotherapy
in two ways. The first of these is in directing drug discovery [73]. At present
the drugs used in the treatment of psychiatric or other central nervous
system diseases have their actions at a limited number of target sites that
include cell surface receptors, nuclear receptors, ion channels and enzymes.
It is likely that detecting the genes involved in the pathogenesis of psychi-
atric disorders will identify new targets, some of which fall within these
categories, but will include others that have thus far not been included as
target sites of drug action. In addition to targeting of treatments, advances in
genomics will allow tailoring of treatments. There is already some evidence
that response to atypical antipsychotics such as clozapine is influenced by
the individual’s 5HT2A genotype [74]. It is also well established that the rate
at which most psychoactive drugs are metabolized is influenced by genetic
factors, in particular genes in the cytochrome P450 system, of which variants
in the CYP2D6 gene have particular importance. This may be relevant to the
development of side effects as well as to treatment response [75]. This whole
area of pharmacogenetics is still comparatively novel, but holds enormous
potential for individual tailoring of treatments that will be a major advance
on current trial and error approaches.

There has been a degree of public concern that the current pace of
advance will tend to “geneticize” common diseases and encourage deter-
ministic attitudes. In particular, worries have been expressed that insurance
companies may wish to force DNA testing on individuals thought to be at
high genetic risk of disorder. While prediction with a high degree of accur-
acy is already possible for rare early-onset dementia such as Huntington’s
disease or the single-gene forms of AD, this is not possible for complex
disorders. For example, the apolipoprotein €4 allele, despite the confirmed
association with risk of late-onset AD in the general population, is of limited
value as a predictor at an individual level [10]. The situation is likely
to prove even more complicated with disorders such as schizophrenia. At
best, DNA-based tests may be used to modify the predicted risk in individ-
uals who are already at high risk because of having a schizophrenic
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close relative. However, it is unlikely that risk prediction will ever be better
than about 50% accurate, since genetically identical individuals, MZ twins,
are discordant for schizophrenia 50% of the time. This means that DNA-
based population screening for complex psychiatric disorders (including
AD of late onset) will never become a reality, but the option of offering
screening to high-risk individuals probably will, with the caveat that such
testing will refine risk prediction but not give clear yes/no answers. Given
that most common diseases, and not just psychiatric ones, will depend
upon the combined action of multiple common gene variations together
with environmental risk factors, batteries of genetic tests will be of limited
usefulness to insurance companies and are not likely to be widely
employed.

Finally, the other potentially worrying aspect of psychiatric disorders
becoming “‘geneticized” is, it has been suggested, an increase in stigma.
Of course, just the opposite could be the case, so that increasing knowledge
about the causation of disorders may serve to demystify them and therefore
make them, in the public eye, something that is more tangible and accept-
able. Part of post-genomic psychiatry’s impact on disorders such as schizo-
phrenia, bipolar affective disorder and depression might therefore be to
legitimize them as “real” diseases rather than, as is all too often the case,
being seen as phenomena that result from personal failing or weakness. AD
might be taken as a good example of how public perceptions clearly have
changed. “Becoming senile” in old age was once seen by many as somehow
morally reprehensible, whereas it is now acceptable for the families of a past
President of the United States or a famous novelist such Iris Murdoch to
“come out” and admit that they suffer from AD. In the present author’s
view, this could turn out to be a general effect. Therefore, rather than an
increasing stigma, it is quite possible that the ultimate effect of genetic
research on the public image of psychiatric diseases will be wholly positive.

CONCLUSIONS

Psychiatric genetics is a field of research that has expanded rapidly in recent
years, but it has a history almost as long as that of the field of genetics as a
whole. Indeed, the recognition that mental illness runs in families probably
dates back to ancient times. Despite this, genetic studies of psychiatric
disorders have often been the subject of controversy and debate, largely
arising from a misplaced notion that the involvement of genes in a disorder
necessarily means that the causes are predetermined and that once the
disorder develops it will be fixed and immutable. On the contrary genetic
studies such as those on twins provide probably the most compelling
evidence available that most psychiatric disorders have a substantial contri-
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bution from environmental factors. With the exception of some compara-
tively rare Mendelian disorders, the disorders that present in psychiatric
clinics involve the effects of multiple genes that, together with environmen-
tal factors, confer a liability to disease rather than a certainty of illness. For
most disorders which have been thoroughly researched, these environmen-
tal effects appear to be largely or totally of the non-shared (or non-familial)
type. That is, the familial aggregation of most disorders is explained by
shared genes and very little, if any, by shared environment.

Attempts to locate and identify genes involved in common psychiatric
disorders are impeded by the multifactorial nature of the conditions and by
the fact that most of the genes involved, by themselves, only have small
effects. Nevertheless, technical advances in gene mapping and sequencing
of the human genome, leading to the eventual identification of all common
variants in all genes, makes it a virtual certainty that the genes involved in
all common disorders will be identified. This will have important implica-
tions for our understanding of the neurobiological underpinnings of psy-
chiatric disorders, for the discovery of new drug treatments, and the
replacement of current trial-and-error presciption of medication with indi-
vidually tailored treatments. There are also important implications for the
general public perception of psychiatric disorders, which are more difficult
to predict, but in my view these will turn out to be beneficial.
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INTRODUCTION

Paradigm shifts and new technologies are revolutionizing psychiatry at the
dawn of the new millennium. Psychiatry, much beholden to Freud in the
past, is finding a new patron saint in Darwin. Freud himself, if his early
career as a neurologist and scientist is any indication, might very well have
chosen to be a molecular neurobiologist were he alive and active today. We
will attempt in this chapter to provide a highly selective view of current and
future trends, rather than an exhaustive overview of the data accumulated
so far, and integrate it into the larger clinical picture, in the hope that this
will provide the reader with a useful framework for understanding the rapid
evolution in the field.

Paradigm Shifts

Clinical Comorbidity Underlined by Overlapping Biological
Mechanisms

The growing understanding and appreciation of shared genes and overlap-
ping molecular and cellular mechanisms on the one hand, and of the global
impact of psychiatric syndromes on the brain on the other hand, provide a
potential biological explanation for clinical comorbidity as the rule rather
than the exception. It may also provide a basis for future more precise,
mechanism-based classifications of psychiatric illnesses, rather than the cur-
rent descriptive complexity of the DSM-IV.
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Tissue Remodelling

The brain is being increasingly viewed as just another organ, only more
complex. The structural and functional plasticity of the brain, not unlike
that of a muscle, is beginning to be appreciated [1]. The molecular and
cellular changes in neural function that are produced as adaptations to
chronic administration of addictive drugs, such as psychostimulants, and
therapeutic drugs, such as antidepressants, have been proposed as a basis
for their long-term effects on the brain, and for the latency of their thera-
peutic actions [2]. Moreover, the role of cell proliferation and cell death in
psychiatric disorders is coming into focus [3, 4], prompting analogies with,
and benefiting from concepts and techniques from, cancer biology [5, 6].

Glial cells, long thought to play mainly a supportive role to neurons, are
increasingly identified as active players [7]. Post-mortem studies in mood
disorders indicate altered numbers of neurons and glial cells [8]. Glial cells
but not neurons were reported to be reduced in the subgenual prefrontal
cortex in mood disorders [9].

A new concept that may inform psychiatry in the coming years is that of
cumulative end-organ damage, in this case of (different regions of) the
brain. The analogy to make is with diabetes, where cumulative glycosyla-
tion of artery walls and other tissues leads to retinal, kidney, neuropathic
and other damage. This paradigm may explain why, for example, a medi-
cation tried earlier in the course of the illness may not work as well or at all
when tried again later.

Endocrinology and Psychiatry

The brain, just like any other organ, is constantly exposed to and regulated
by the hormones in the internal milieu, as a way of integrating its activity
with the rest of the organism. The powerful influence of hormones on
neuronal activity is an area that has received and will continue to receive
increasing scrutiny, and the wealth of clinical observations from classical
endocrinology regarding changes in mood and cognition in endocrino-
logical disorders is now being revisited at a molecular and cellular level.
Furthermore, not only the extremes of endocrinological pathology but also
the physiological variations in hormonal levels are emerging as being of
importance in modulating psychiatric syndromes.

Peripheral Molecular Markers

At present, diagnosis in psychiatry relies mainly on descriptive behavioural
and symptomatic information. Measurable peripheral molecular markers
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are being actively pursued, and may enable simpler, more rapid, more
objective and more accurate diagnosis and monitoring.

Infectious Aetiologies for Psychiatric Disorders

This interesting emerging area of research holds promise in identifying
endogenous retroviruses, integrated in the genome and hereditarily trans-
mitted, as important in the pathogenesis of a subset of psychiatric disorders
[10]. Another avenue being followed is that of infectious agents as ““second
hits”” that may lead to overt disease development in individuals with an
inherited genetic susceptibility [11, 12]. The parallels with cancer biology are
intriguing and may be methodologically fruitful.

Concerted Approaches to a Problem

It is beginning to be appreciated that a successful way to understand mental
disorders is to use and integrate different approaches concurrently: pheno-
typical assessment, pharmacological studies, animal models, molecular and
cellular biology, genetics and brain imaging [5, 13]. At the same time,
strenuous efforts are being made in the field to perfect each approach as
much as possible.

METHODOLOGY
Overview

Rapid progress was made during the past decade in several important areas
relevant to cellular and molecular research in psychiatry. They include a
better understanding of the neural circuitry involved in mental disorders,
the cloning of complementary DNAs encoding important molecular targets
of drugs, including the whole extended family of dopamine and serotonin
receptors [14], and progress in understanding the molecular basis of long-
term adaptive processes and their role in illness progression.

New methodologies that are revolutionizing psychiatry, as they are other
fields of medicine, are molecular biology, genomic research, and combina-
torial chemistry coupled to rational drug design.

Molecular biology has led to the development of powerful techniques
such as the polymerase chain reaction (PCR) and DNA microarrays, like the
so-called GeneChips (Affymetrix Inc., USA). It has also led to the possibility
of engineering gene deletions or insertions in experimental animals, the
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most notable example being transgenic mice. The human genome project
has been identifying the sequence of the complete set of genes, estimated to
be over 30 000, variants of which are associated in different individuals with
different illnesses. The number of proteins is estimated to be ten times as
high, about 300000, since a gene can encode for multiple proteins by its
subsequent “tailoring”” and processing.

Combinatorial chemistry has increased the pool of compounds that can be
generated and tested against a specific protein target, and rational drug
design based on structural imaging and modelling of proteins speeds up the
drug discovery process by providing specific key-in-lock parameters for
lead compounds.

Further on the horizon, neuronal stem cells may lead to transplant ap-
proaches for those mental disorders where cell loss is involved, as is cur-
rently attempted in neurology for Parkinson’s disease, for example. Also on
the horizon is the possibility of gene therapy, mostly for now in an early
development stage and used as a research tool in animal models [15], but
currently moving towards clinical applications in humans in at least one
area, Alzheimer’s disease (AD) [16, 17].

Gene Expression and Microarrays

The ability to simultaneously assess the expression of thousands of genes
with microarray technology is opening new vistas in basic neurobiological
research in both animal models and human post-mortem tissue samples [5,
18-20]. While gene expression is just part of the story of what is mechanistic-
ally happening in specific brain regions, it is an important first step in terms
of identifying targets for more detailed studies, as well as for pharmaceutical
drug development. More recent approaches have added the same massive
parallel approach to protein assays [21] in the emerging field of proteomics
[22]. The ultimate goal is the physiome, where molecular changes are
integrated at a whole-organ or system level [23].

Animal Models

Obvious technical and ethical limitations dictate that studies on molecular
changes in mental disorders cannot be performed on live human beings.
Animal models of neuropsychiatric disorders are being developed in species
as diverse as monkeys [16], rats and mice. While careful attention to animal
welfare and minimizing pain and distress is a must, and ethical discussions
of conducting research on animals are warranted, one should bear in mind
that the ultimate goal is a worthy one, at least from our species’ viewpoint—
understanding and curing illness.
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Monkeys are closer to humans, but more difficult and expensive to breed
and conduct research on. Rats and mice are less expensive to breed and
have faster generation times. Rats have bigger brains than mice, but less
work has been done on creating transgenic rats. While mice have smaller
brains, they are extensively used in genetic research due to their amenability
to transgenic manipulation of their genome. Useful models of human psy-
chiatric illnesses have been generated in this way [24].

Functional Imaging

Functional imaging is more developed in humans, due to a diagnostic
medical impetus from fields like neurology and neurosurgery, although
studies in psychiatry have yet to take full advantage of the spectrum of
technologies currently available [25]. Imaging of primates and even rodents
(rats, mice) is gradually being developed and standardized and may benefit
basic research significantly, especially in concert with molecular genetics in
well-defined animal models of disease.

Convergent Functional Genomics

The intersection of multiple lines of evidence upon a gene or biological mech-
anism for a particular disorder—what we would term convergent functional
genomics—can be a powerful discovery engine. It may also reduce the uncer-
tainty inherent in individual methodologies or lines of evidence. An approach
to bridge insights from animal models and human genetic and brain imaging
models hasbeen described [5]. The basicideais to use data from brain imaging
studies to select brain regions of interest in a specific mental disorder and
analysegeneexpressionpatternsinthoseregionsinpost-mortemhumanbrains
ora germane animal model. Thenextstep is tointegrate human geneticlinkage
datawiththegeneexpressiondata. Thisisdonebyseeing whetherthegenesthat
show a changed pattern of expression in the animal model or post-mortem
human brains (compared to controls) map to linkage hotspots from human
family tree genetic studies. This approach, which combines imaging, animal
models and molecular genetics, is arguably quite useful in terms of identifying
specific candidate genes involved in a particular mental disorder. Those genes
arethen the targets of extensive investigation, and the protein encoded by them
becomes a potential target for pharmacological drug development.

Pharmacological Studies

Drug development in psychiatry is progressing at a particularly rapid pace,
especially in view of the relative paucity of the pharmacological armament-
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arium available to psychiatrists until recently, compared with other fields of
medicine. This can make even a recent psychopharmacology textbook an out-
of-date tome gathering dust on a shelf. We will outline some of the interesting
current insights from pharmacological studies, with a clear feeling that this
may be one of the more rapidly obsolescing parts of this chapter.

For at least two reasons, one has to be careful in extrapolating the results of
clinical trials, with their very particular enrolled patient populations, to pa-
tients atlarge seen in primary psychiatric practice [26]. First, patients enrolled
in clinical trials may have a more severe and refractory form of the illness.
Second, due to the exclusion criteria, patients may lack the comorbidities that
are the rule rather than the exception in the general patient population.

Matching a drug to a given patient in psychiatry has been and still is
largely a trial-and-error process, with broadly acting drugs being adminis-
tered to a large range of patients with a broadly descriptive disorder. Deter-
mining whether a given patient will respond to a given drug, or whether a
given patient will tolerate a given drug, cannot be done in advance of an
empirical trial. In the future, pharmacogenomic profiles are expected to pre-
dict particularly those patients who are unlikely to tolerate a given drug,
and may even be able to define in advance those most likely to respond
successfully to a given drug. Thus, future drugs may be indicated not for
broadly descriptive mental disorders defined in the DSM-IV, but for behav-
ioural syndromes associated with a given genotype.

Drugs serve not only therapeutic purposes, but also as probes unra-
velling pathophysiology, due to our still incomplete knowledge of brain
function and somewhat empirical black-box approach to psychopharma-
cology. While the information garnered this way is no doubt useful, this
chapter, and in fact the whole volume, outlines approaches that will make
psychopharmaceutical research less of a hit-and-miss proposition.

SCHIZOPHRENIA AND OTHER COGNITIVE DISORDERS

Clinical Comorbidity Underlined by Overlapping Biological
Mechanisms

Disorders of cognition have traditionally been classified into psychoses and
dementias. Other disorders of cognition include delirium and amnestic
disorders. Psychoses were deemed to occur at an earlier age, to be biochem-
ical/genetic in nature and to be at least partially reversible pharmacologic-
ally. Dementias were deemed to occur at a more advanced age, be
degenerative in nature and to be mostly irreversible. The prototypical
examples of psychoses were the schizophrenias, and the prototype demen-
tia was AD. These distinctions are becoming strained and blurred as we
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learn more about the underlying pathophysiology, nowhere more so than in
geropsychiatry. It is now being increasingly recognized that degenerative
changes underlined by cell loss occur in schizophrenias, and that partially
correctable biochemical neurotransmitter abnormalities occur in dementias.
Moreover, other mental disorders such as mood and anxiety disorders, in
addition to neurological disorders such as Parkinson’s disease and Lewy
body dementia, have an impact on cognition, with psychotic or pseudo-
dementia-like end results.

Tissue Remodelling

The occurrence of macroscopic and microscopic end-organ brain damage in
dementia as well as in schizophrenia has been appreciated for some time,
more so than for other psychiatric syndromes. There is increasing evidence
that the schizophrenic disease process begins before psychotic symptoms
become overt [27]. These findings may also explain the limited functional
recovery produced by even state-of-the-art psychopharmacological treat-
ment, and suggest that early intervention, perhaps with agents that prevent
cell death or promote cell growth, may be a valid strategy in the future.
An interesting line of work in the realm of brain plasticity has been the
exploration at a molecular level in experimental animals of the effects of
nurturing maternal behaviour [28]. The authors report that variations in
maternal care in the rat promote hippocampal synaptogenesis and spatial
learning and memory through systems known to mediate experience-
dependent neural development. Thus, the offspring of mothers that show
high levels of pup licking, grooming and arched-back nursing showed in-
creased expression of N-methyl-p-aspartate (NMDA) receptor subunit and
brain-derived neurotrophic factor (BDNF) mRNA, increased cholinergic in-
nervation of the hippocampus and enhanced spatial learning and memory. A
cross-fostering arm of the study, in which pups from neglectful mothers were
raised by high-nurturing mothers, provided evidence for a direct relationship
between maternal behaviour and hippocampal development. Interestingly,
not all neonates were equally sensitive to variations in maternal care, illustrat-
ing the permanentintricate interrelationship between genes and environment.
Tissue changes in AD are well established. However, early diagnosis and
detection of AD has been a challenging problem. Post-mortem studies had
revealed that patients with AD have neurofibrillary tangles in the olfactory
epithelium and entorhinal-hippocampal-subicular regions. Based on this, a
study was conducted to assess whether olfactory impairment in individuals
with mild cognitive impairment may predict subsequent AD [29]. In this
study, tests of olfaction and olfaction-related anosognosia were both sensi-
tive and specific in predicting subsequent illness. Interestingly, one of the
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candidate genes for psychosis identified through a convergent functional
genomics approach, G-protein-coupled receptor kinase 3 (GRK3) [5], is
highly expressed in olfactory cortex, where it plays a role in odorant recep-
tor desensitization [30]. This opens the interesting possibility that direct or
indirect alterations in this gene’s activity could lead to early, detectable
phenotypical changes in a subset of psychotic disorders.

Mutations in the amyloid precursor protein (APP) and presenilin-1 and -2
genes (PS-1, PS-2) cause AD. Transgenic mice engineered to carry both
mutant genes (PS/APP) develop AD-like deposits composed of B-amyloid
(AB) at an early age. A study using these mice showed an inflammatory
response occurring in response to the amyloidosis [31]. Both fibrillar and
nonfibrillar AR (diffuse) deposits were visible in the frontal cortex by 3
months, and the amyloid load increased dramatically with age. The number
of fibrillar AR deposits increased up to the oldest age studied (2.5 years old),
whereas there were less marked changes in the number of diffuse deposits in
mice over 1 year old. Activated microglia and astrocytes increased synchron-
ously with amyloid burden and were, in general, closely associated with
deposits. Cyclooxygenase-2, an inflammatory response molecule involved
in the prostaglandin pathway, was up-regulated in astrocytes associated with
some fibrillar deposits. Complement component 1q, an immune response
component, strongly co-localized with fibrillar AB, but was also up-regulated
in some plaque-associated microglia. These results, showing that cyclooxy-
genase-2 and complement component 1q levels increase in response to the
formation of fibrillar AR in a transgenic model of AD, are of interest in view of
human clinical epidemiological data suggesting that the use of nonsteroidal
anti-inflammatory drugs (NSAIDs), among other things, down-regulates
cyclooxygenase-2, delaying the onset and progression of the illness [32].

Peripheral Molecular Markers

Because, at present, the diagnosis of schizophrenia relies principally on
descriptive behavioural and symptomatic information, the identification
of a peripheral measurable marker might enable simpler, more rapid and
more accurate diagnosis and monitoring. Human peripheral blood lympho-
cytes have been found to express several dopamine receptors (D3, D4 and
D5) by molecular biology techniques and binding assays. It has been specu-
lated that these dopamine receptors found on lymphocytes may reflect
receptors found in the brain. The D3 dopamine receptor on lymphocytes
has been demonstrated to correlate with schizophrenia [33]. In that study
there was a significant elevation (at least two-fold) in the mRNA level of the
D3 but not of the D4 dopamine receptor in schizophrenic patients. This
increase was not affected by different antipsychotic drug treatments (typical
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or atypical). Patients not receiving medication exhibited the same pattern,
indicating that this change is not a result of medical treatment. The authors
propose that the D3 receptor mRNA in blood lymphocytes could constitute
a trait marker for identification and follow-up of schizophrenia.

A similar study from another group confirmed findings of changes of
dopamine receptor mRNA levels in schizophrenic patients [34]. Forty-four
schizophrenics who had been receiving drug medication for more than 3
years, 28 schizophrenics who had been drug-free for more than 3 months,
15 drug-naive schizophrenic patients, and 31 healthy persons were enrolled.
Quantitative PCR of the mRNA was used to investigate the expression of D3
and D5 dopamine receptors in peripheral lymphocytes. The gene expression
of dopamine receptors was compared in each group. In drug-free and drug-
naive patients, the dopamine receptors of peripheral lymphocytes were seq-
uentially studied in the second and eighth weeks after administration of
antipsychotic medication. In the drug-free schizophrenic group, the D3
dopamine receptor mRNA expression of peripheral lymphocytes was sig-
nificantly increased compared to that in controls and the drug-medicated
schizophrenics, and D5 dopamine receptor mRNA expression was in-
creased compared to that in the drug-medicated schizophrenics. Interest-
ingly, the group of patients with increased dopamine receptor expression
had more severe psychiatric symptoms. These results seem to suggest that
the molecular biologically determined dopamine receptors of peripheral
lymphocytes are reactive in response to antipsychotic treatment, and that
increased expression of dopamine receptors in peripheral lymphocytes has
possible clinical significance for subgrouping of schizophrenic patients.

Heterotrimeric G proteins play a pivotal role in post-receptor information
transduction in cells and have been implicated in the pathophysiology and
treatment of mood disorders. Changes have also been detected in G protein
levels in post-mortem brains of patients with schizophrenia, where they could
reflect an underlying abnormality or be an effect of antipsychotic treatment.
A study aiming to eliminate this confound looked at receptor-coupled G
proteins in mononuclear leukocytes obtained from 23 untreated patients
with schizophrenia and 30 healthy controls [35]. Dopamine-enhanced guan-
ine nucleotide binding capacity to Gs protein through D1/D5 receptors
in mononuclear leukocytes of untreated patients with schizophrenia was
significantly increased in comparison with that in healthy subjects, and
positively correlated with both the total Positive and Negative Syndrome
Scale (PANSS) score and the positive subscale. B-adrenergic and muscarinic
receptor-coupled G protein functions, as well as Gso, Gia and Gg immunor-
eactivities, were similar to those in healthy subjects. The lack of relationship
to drug treatment makes these findings of elevated dopamine receptor-
coupled Gs protein measures in mononuclear leukocytes of patients with
schizophrenia useful as potential trait diagnostic markers.
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GRK3, a candidate gene for mania and psychosis identified through a
convergent functional approach [5], has been implicated in dampening
signal transduction from G-protein-coupled receptors in neuronal and
other tissues, and is present in human lymphocytes. There are some prelim-
inary data indicating alterations of its levels in lymphocytes from patients
with bipolar disorders [5], and it may deserve further scrutiny in subtypes
of schizophrenia also, as a possible peripheral marker.

Advances and Insights from Convergent Functional Genomic
Studies

A recently published study [18] looked at gene expression changes in the
prefrontal cortex (PFC), an area implicated in schizophrenia by imaging stud-
ies in post-mortem brains of matched pairs of schizophrenics and control
subjects. It identified a number of genes involved in presynaptic function as
being abnormally decreased, the most strongly implicated being N-
ethylmaleamide sensitive factor and synapsin II. The data suggest that subjects
with schizophrenia may sharea common abnormality in presynaptic function.

Advances and Insights from Pharmacological Studies

An interesting emerging direction is the study of the use of potential
neuroprotective agents. Damage from free radicals and oxidative stress
has been proposed as a cause of tardive dyskinesia. A recent study in
rats [36] investigated whether neuroleptic medications may affect the
motor system through the creation of free radicals, and whether structural
brain changes related to oxidative damage may disrupt normal striatal
function. The study showed that rats treated chronically with fluphenazine
had significantly lower striatal cholinergic neuron densities than those
that did not receive antioxidants. Rats exposed to a diet consisting of
antioxidants had significantly higher neuron densities in each of the three
regions tested than did those that did not receive antioxidants. Clinical trials
of the antioxidant vitamin E for reducing the severity of symptoms of
tardive dyskinesia have had mixed results [37], but it may be that irrevers-
ible neuronal loss had already occurred and that antioxidant supplemen-
tation should be instituted very early on during neuroleptic and other
treatments that may lead to oxidative damage, in order to have an impact.

Lithium has recently been added to the list of potential neuroprotective
agents. Rodent studies have shown that lithium exerts neurotrophic or ne-
uroprotective effects [6]. An imaging study in patients [38] used three-
dimensional magnetic resonance imaging and brain segmentation to study
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grey-matter volume with chronic lithium use in patients with bipolar mood
disorder. Grey-matter volume increased after 4 weeks of treatment, prob-
ably because of neurotrophic effects. This has led the authors to propose that
low-dose lithium may have a potential use as a prophylactic agent for age-
related neuronal loss and dementia [39].

The role of nicotine in improving cognition [40] may explain the high
incidence of smoking in schizophrenics as a form of self-medication. Phar-
macological, clinical and epidemiological data also support a role for nico-
tine in delaying the onset and perhaps slowing down the progression of AD.
Interestingly, nicotine produces a long-lasting elevation of nerve growth
factor (NGF) production when administered experimentally directly to the
hippocampus of rats. In the central nervous system (CNS), NGF has power-
ful effects on the cholinergic system. It promotes cholinergic neuron sur-
vival after experimental injury as well as maintaining and regulating the
phenotype of uninjured cholinergic neurons. In addition to these neuro-
trophic effects mediated by gene expression, NGF has a rapid neurotrans-
mitter-like action to regulate cholinergic neurotransmission and neuronal
excitability. Consistent with its actions on the cholinergic system, NGF can
enhance function in animals with cholinergic lesions and has been sug-
gested as being to be useful in humans with AD [16, 17]. However, the
problems of CNS delivery, and of potential side effects such as pain, limit
the clinical efficacy of NGF. Drug treatment strategies to enhance produc-
tion of NGF in the CNS may be useful in the treatment of AD. Nicotine may
be one such agent [41].

MOOD DISORDERS

Clinical Comorbidity Underlined by Overlapping Biological
Mechanisms

We will consider in this section bipolar disorders and depression. Anxiety
disorders, often closely related and comorbid, will be considered in the next
section. Three emerging themes in the biology of mood disorders are:

1. Mood disorders, even what was considered unipolar depression, in-
volve cycling and can broadly be viewed as part of a bipolar spectrum,
or spectra [42].

2. There is extensive comorbidity with other mental disorders; it is the rule
rather than the exception.

3. There is a longitudinal organic progression in the lifetime history of
mood disorder, with progressive end-organ changes and damage.



40 PSYCHIATRY AS A NEUROSCIENCE

Tissue Remodelling

Increasing evidence suggests that mood disorders are associated with a
reduction in regional CNS volume and neuronal and glial cell atrophy or
loss. Catecholamines have been recently implicated in both neurotoxic and
neuroprotective phenomena [43, 44], and lithium has been demonstrated to
increase robustly the levels of the cytoprotective, anti-apoptotic B-cell lym-
phoma protein-2 (bcl-2) in both cultured cells and areas of rodent brain [6].
Therefore, tissue remodelling may be relevant as a mechanistic substrate
underlying the behavioural phenotypes and long-term effects of drugs, as
well as the progressive nature of mood disorders, which may best be
understood as an end-organ damage paradigm.

The influence of stress and glucocorticoids on neuronal pathology has been
demonstrated in animal and clinical studies. It has been proposed that stress-
induced changes in the hippocampus may be central to the development of
depression in genetically vulnerable individuals. A study investigating the
effect of antidepressants on hippocampal neurogenesis in the adult rat [45]
used the thymidine analogue bromodeoxyuridine (BrdU) as a marker for
dividing cells. The study demonstrated that chronic antidepressant treatment
significantly increased the number of BrdU-labelled cells in the dentate gyrus
and hilus of the hippocampus. Administration of several different classes of
antidepressant, but not non-antidepressant, agents was found to increase
BrdU-labelled cell number, indicating that this was a common and selective
action of antidepressants. In addition, up-regulation of the number of BrdU-
labelled cells was observed after chronic, but not acute, treatment, consistent
with the time course for the therapeutic action of antidepressants. Additional
studies demonstrated that antidepressant treatment increased the prolifer-
ation of hippocampal cells and that these new cells matured and become
neurons, as determined by triple labelling for BrdU and neuronal- or glial-
specific markers. These findings raise the interesting possibility that in-
creased cell proliferation and increased neuronal number may be a mechan-
ism by which antidepressant treatment overcomes the stress-induced
atrophy and loss of hippocampal neurons and may contribute to the thera-
peutic actions of antidepressant treatment. Their likely trophic actions on
other areas of the brain merit further exploration.

Additional evidence implicates the PFC in addition to the hippocampus
as a site of neuropathology in depression. The PFC may be involved in
stress-mediated neurotoxicity because stress alters PFC functions and glu-
cocorticoid receptors, the PFC is directly interconnected with the hippocam-
pus, and metabolic alterations are present in the PFC in depressed patients.
Post-mortem studies in major depression and bipolar disorders provide
evidence for specific neuronal and glial histopathology in mood disorders
[8]. Three patterns of morphometric cellular changes were observed in that
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study: cell loss (subgenual PFC), cell atrophy (dorsolateral PFC and orbito-
frontal cortex) and increased numbers of cells (hypothalamus, dorsal raphe
nucleus). The study suggests that cellular changes in mood disorders may
be due to stress and prolonged PFC remodelling, with a role played by
neurotrophic/neuroprotective factors. Furthermore, the precise anatomic
localization of dysfunctional neurons and glia in mood disorders may lead
to specific cortical targets at molecular and cellular level for the develop-
ment of novel antidepressants and mood stabilizers.

Physical activity may also impact mood through neurotrophic effects on
the brain. In mice, running was shown to increase neurogenesis in the
dentate gyrus of the hippocampus, a brain structure that is important for
memory function [46]. Additionally, in that study, spatial learning and long-
term potentiation (LTP) were tested in groups of mice housed either with a
running wheel (runners) or under standard conditions (controls). Mice were
injected with BrdU to label dividing cells and trained in the Morris water
maze. LTP was studied in the dentate gyrus and area CA1 in hippocampal
slices from these mice. Running improved water maze performance, in-
creased BrdU-positive cell numbers, and selectively enhanced dentate gyrus
LTP. The results suggest that physical activity can regulate neurogenesis,
synaptic plasticity and learning.

There are clinical observations that are possible correlates for these effects.
Several reports indicate that physical activity can reduce the severity of
symptoms in depressed patients. Some data suggest that even a single exer-
cise bout may result in a substantial mood improvement. A study evaluat-
ing the short-term effects of a 10-day training programme on patients with
moderate to severe major depression [47] found clinically relevant and
statistically significant reduction in depression scores, suggesting that aer-
obic exercise can produce substantial improvement in mood in patients with
major depressive disorders in a short time. Another study compared phys-
ical exercise with standard drug treatment for depression [48]. The study
assessed the status of 156 adult volunteers with major depressive disorder
(MDD) 6 months after completion of a study in which they were randomly
assigned to a 4-month course of aerobic exercise, sertraline therapy, or a
combination of exercise and sertraline. After 4 months, patients in all three
groups exhibited significant improvement; the proportion of participants
with remission was comparable across the three treatment conditions. After
10 months, however, subjects in remission in the exercise group had signifi-
cantly lower relapse rates (p < 0.01) than subjects in the medication group.
Exercising on one’s own during the follow-up period was associated with a
reduced probability of depression diagnosis at the end of that period.
Obviously, exercise has a variety of physiological and endocrinological
effects on the body, but an intriguing possibility exists that neurotrophic
effects may underlie some of the positive effects of exercise on mood.
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Endocrinological Aspects

Several studies have underlined the high prevalence of psychiatric symp-
toms and disorders in endocrine diseases. More recently, the role of sex hor-
mones in the differential spectrum of mood disorders in women versus men
[42] and the role of hormone replacement therapy as an adjuvant treatment in
mood disorders [49-51] are receiving increasing recognition and attention.
The underlying biology may be related to the integration and cross-talk of
signal-processing cascades from membrane-bound neurotransmitter recep-
tors with those from nuclear ligand-activated transcription factors such as
hormone receptors for oestrogen, progesterone and testosterone.

Estradiol is known to affect a number of neurotransmitter systems in the
brain. Stress and corticotropin-releasing hormone inhibit the reproductive
axis. A study examining whether reproductive axis hormone secretion is
inhibited in women with depression, similar to what has been observed to
be caused by stress in numerous species, found that the blood levels of
reproductive hormones were mostly normal in women with depression, but
the blood level of estradiol was significantly lower [52].

Decreased growth hormone (GH) response to pharmacological stimulation
has been found in children and adolescents during an episode of major
depressive disorder and after recovery. GH secretion is similarly altered in
children and adolescents who had never experienced depression but were
at high risk of developing depression [53]. These results suggest that the
decreased GH response found in high-risk subjects may represent a trait
marker for depression in children and adolescents. It is interesting to note
that one of the candidate psychogenes identified by our work using conver-
gent functional genomics [5] described below is insulin-like growth factor
1 (IGF1), a downstream effector in the GH pathway.

Thyroid disorders also strongly affect mood. A study to evaluate the preva-
lence of mental disorders in 93 inpatients affected by different thyroid diseases
during their lifetimes, by means of standardized instruments, showed higher
rates of panic disorder, simple phobia, obsessive-compulsive disorder, MDD,
bipolar disorder and cyclothymia in thyroid patients than in the general
population [54]. These findings may suggest either that thyroid abnormalities
effect secondary mood changes, or that the co-occurrence of mental and
thyroid diseases may be the result of common biochemical abnormalities.

Lithium is known to interact with the thyroid axis and causes hypothyroid-
isminasubgroup of patients, which compromises its mood-stabilizing effects.
Lithium was reported to alter thyroid hormone metabolism in the rat brain,
and a study investigating whether these effects were mediated through regu-
lation of thyroid hormone receptor (THR) gene expression found that chronic
lithium treatment appeared to regulate THR gene expression in a subtype-
(isoform) and region-specific manner in the rat brain [55]. This study raises the
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possibility that the observed effects of lithium on THR gene expression may be
related to its therapeutic efficacy in the treatment of bipolar disorders.

Advances and Insights from Convergent Functional Genomic
Studies

The initial description and application of the concept of convergent func-
tional genomics was in identifying genes involved in mania and psychotic
mania [5]. Methamphetamine treatment of rats as an animal model for
psychotic mania was used. Specific brain regions—PFC, amygdala—were
analysed comprehensively for changes in gene expression using oligonucleo-
tide GeneChip microarrays. These regions had been implicated in mood and
psychotic disorders by previous studies in animal models and imaging
studies in humans. The data were cross-matched against human genomic
loci associated with either bipolar disorder or schizophrenia, which had been
previously identified by human genetic linkage studies. Using this conver-
gent approach, we have identified several novel possible candidate genes
that may be involved in the pathogenesis of mood disorders and psychosis—
signal transduction molecules like GRK3, transcription factors like the clock
gene D-box binding protein (DBP), growth factors such as IGF1, metabolic
enzymes like farnesyl-diphosphate farnesyltransferase 1 (FDFT1) involved in
cholesterol biosynthesis and sulfotransferase 1A1 (SULT1A1) involved in
dopamine metabolism, and others. Furthermore, for one of these genes,
GRKS3, preliminary experiments by Western blot analysis found evidence
for decreased protein levels in a subset of patient lymphoblastoid cell lines
that correlated with disease severity.

We also proposed a novel paradigm for classification of these and other
candidate genes involved in mental disorders, by analogy to cancer biology,
into two prototypical categories, psychogenes and psychosis-suppressor
genes. Genes whose activity promotes processes that lead to mania or psy-
chosis could be called ““psychogenes”, by analogy to oncogenes. Conversely,
genes whose activity suppresses processes that lead to these mental disorders
could be called “psychosis-suppressor genes”. This classification, while
probably oversimplistic, may have heuristic value for psychiatry as it has
had for cancer biology, by providing a framework for understanding the roles
of putative disease genes in pathophysiology and as targets for developing
treatment strategies. Using this paradigm, and on the basis of their biology,
DBP, IGF1 and FDFT1 were classified as candidate psychogenes, and GRK3
and SULT1A1 were classified as candidate psychosis-suppressor genes [5].

Furthermore, it is possible that genes that show concomitant changes in
expression levels in such studies may be interacting pathophysiologically,
and warrant further analysis as co-acting gene groups. The concept that
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“genes that change together act together”” provides a straightforward test-
able model for unravelling complex polygenic diseases like bipolar dis-
orders, schizophrenia and others, including non-mental disorders.

Advances and Insights from Pharmacological Studies

An interesting study supporting the concept of progressive end-organ
changes was reported recently [56]. The authors investigated the relationship
between the number of lifetime episodes of affective disorder and the anti-
manic response to lithium, divalproex or placebo. An apparent transition in
the relationship between number of previous episodes and response to anti-
manic medication occurred at about 10 previous episodes. For patients who
had experienced more episodes than this, the response to lithium resembled
the response to placebo but was worse than the response to divalproex. For
patients who had experienced fewer episodes, however, the responses to
lithium and divalproex did not differ and were better than the response to
placebo. This differential response pattern was not related to rapid cycling or
mixed states. The authors conclude that a history of many previous episodes
was associated with poor response to lithium or placebo but not to divalproex.
Medications have potential side effects, which may reduce patient compli-
ance. Some patients also have a psychological resistance to being on psycho-
tropic medications long-term, hence their seeking other approaches, including
““alternative medicine”’. One such approach for which there are actually good
epidemiological, clinical and biological data is using supplementation with
omega-3 fatty acids, which are long-chain, polyunsaturated fatty acids thatare
anormal component of cell membranes. They are found in the diet in enriched
form in plant and marine sources, such as fish oil. Unlike saturated fats, which
may have negative health consequences, omega-3 fatty acids have been asso-
ciated with health benefits in cardiovascular disorders and arthritis.
Omega-3 fatty acids have been proposed to be potentially efficacious in a
number of mental disorders [57-59]. Diminished levels of omega-3 fatty
acids have been reported in mood disorders like depression. An epidemi-
ological study looking at fish consumption and depressive symptoms in the
general population in Finland found that the likelihood of having depres-
sive symptoms was significantly higher among infrequent fish consumers
than among frequent fish consumers, even after adjusting for potential
confounders [60]. One double-blind placebo-controlled trial reported fa-
vourable results using omega-3 fatty acids as an adjunctive treatment in
bipolar disorder [61]. Their molecular mechanism of action is still being
elucidated, but, like the case in mood stabilizers, it seems to have to do with
impacting on cell membrane function and signal transduction from the
membrane to the nucleus through protein kinase signalling [62].
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ANXIETY DISORDERS

Clinical Comorbidity Underlined by Overlapping Biological
Mechanisms

From an evolutionary standpoint, anxiety is probably a signal of alarm to
the organism in uncertain and potentially dangerous situations. While pure,
or, more precisely, mainly anxiety disorders may exist, there is an emerging
recognition that there are significant interactions and impact with both
mood and cognition. In terms of interactions with mood, anxiety and low
mood may translate as fear, whereas anxiety and high mood may translate
as irritability and anger. In terms of interactions with cognition, high anxiety
may be a component of paranoid ideation, and lack of anxiety a component
of antisocial psychotic acts.

Tissue Remodelling

Preclinical studies demonstrate that early anxiety and stress can alter the
development of the hypothalamic—pituitary—adrenal (HPA) axis, hypothal-
amic and extrahypothalamic corticotropin-releasing hormone (CRH), mono-
aminergic and y-aminobutyric acid /benzodiazepine systems. Stress has also
been shown to promote structural and functional alterations in brain regions
similar to those seen in adults with chronic anxiety and depression [63].

As mentioned, stress has been shown to lead over time to cell death in the
hippocampus. Elevated glucocorticoid levels produce hippocampal dys-
function and correlate with individual deficits in spatial learning in aged
rats. Aged humans with significant prolonged cortisol elevations showed
reduced hippocampal volume and deficits in hippocampus-dependent
memory tasks compared to normal-cortisol controls [64]. Moreover, the
degree of hippocampal atrophy correlated strongly with both the degree of
cortisol elevation over time and current basal cortisol levels in the studied
population. Therefore, basal cortisol elevation may cause hippocampal dam-
age and impair hippocampus-dependent learning and memory in humans.

Endocrinological Aspects

CRH is a critical coordinator of the HPA axis. In response to stress, CRH
released from the paraventricular nucleus (PVN) of the hypothalamus acti-
vates CRH receptors on anterior pituitary corticotropes, resulting in release
of adrenocorticotropic hormone (ACTH) into the bloodstream. ACTH in
turn activates ACTH receptors in the adrenal cortex to increase synthesis



46 PSYCHIATRY AS A NEUROSCIENCE

and release of glucocorticoids. The receptors for CRH, CRHr1 and CRHr2
are found throughout the CNS and periphery. Mice engineered by a gene
knockout approach to be deficient for CRHr2 display anxiety-like behaviour
and are hypersensitive to stress [65].

Circulating corticosterone and insulin are involved in regulation of the
hypothalamic neuropeptide Y system, which in turn is involved in regulation
of the HPA axis. The HPA axis and stress responsivity is altered in diseases
such as anxiety and depression. A study in rats found a differential regula-
tion of neuropeptide Y mRNA expression in the hypothalamic arcuate nu-
cleus and the brainstem locus coeruleus by stress and antidepressants [66],
and provided further evidence for the importance of circulating insulin in the
regulation of the arcuate nucleus neuropeptide Y system. The GH/IGF1
pathway has been implicated in studies of mood disorders, as described in
the section on mood disorders above. Insulin and insulin-like growth factors
are emerging as interesting players in mood and anxiety disorders.

Advances and Insights from Convergent Functional Genomic
Studies

GRK3, a protein implicated in mood disorders by a convergent functional
genomic approach [5], was shown to mediate homologous desensitiza-
tion of corticotropin-releasing factor (CRF) type 1 (CRF1) receptors in a
human brain-derived cell line [67]. CRF is an important mediator of stress
and anxiety responses. These data speak to the overlap at a molecular level
between what we currently define clinically as mood and anxiety disorders.

Advances and Insights from Pharmacological Studies

CREF is a major mediator of adaptive responsiveness to stress. The develop-
ment of CRF inhibitors is a very active area of interest pharmacologically.

A preclinical pharmacological study measured changes in extracellular
concentrations of catecholamines and indoleamines in the hippocampus or
the PFC in rats in response to administration of the CRF1 antagonist CP-154,
526 by using in vivo microdialysis [68], and found that this CRH1 receptor
antagonist suppresses the release of norepinephrine and serotonin in the
hippocampus, which may be of relevance to understanding and treating
anxiety and mood disorders.

Another reported study evaluated the effects of the lipophilic non-
peptide CRHI1 receptor antagonist antalarmin, developed at the National
Institutes of Health, on the behavioural, neuroendocrine and autonomic
components of the stress response in adult male rhesus macaques [69]. The
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study was carried in a double-blind, placebo-controlled fashion in monkeys
exposed to an intense social stressor: namely, placement of two unfamiliar
males in adjacent cages separated only by a transparent Plexiglas screen.
Antalarmin significantly inhibited a repertoire of behaviours associated with
anxiety and fear such as body tremors, grimacing, teeth gnashing, urination
and defecation. In contrast, antalarmin increased exploratory and sexual
behaviours that are normally suppressed during stress. Moreover, antalar-
min significantly diminished the increases in cerebrospinal fluid CRH as well
as the pituitary—adrenal, sympathetic and adrenal medullary responses to
stress. Use of this pharmacological tool revealed that CRH plays a broad role
in the physiological responses to psychological stress in primates. Further-
more, it is possible that a CRH1 receptor antagonist may be of therapeutic
value in human psychiatric, reproductive and cardiovascular disorders as-
sociated with CRH system hyperactivity.

SUBSTANCE ABUSE AND EATING DISORDERS

Clinical Comorbidity Underlined by Overlapping Biological
Mechanisms

Drug addiction is defined as the compulsive seeking and taking of a drug
despite adverse consequences. Multiple psychological and social factors
come into play, but at its core it represents a biological process underlined
by the effects of repeated drug exposure on a vulnerable brain [70]. A
dysregulation and resetting of the threshold for reward mechanisms in the
brain, termed allostasis, is proposed to occur with long-term drug use and
to underlie addiction [71].

One emerging theme in the field of substance addiction is the intricate
relationship at a molecular level with other mental disorders. Substances of
abuse modulate some of the same biochemical pathways and circuits in-
volved in mood and anxiety disorders. It is also increasingly being appreci-
ated that there is a strong interplay with cognitive disorders. Eating disorders
can also be viewed from the perspective of a substance abuse disorder, both
in aetiology and treatment. Active areas of research include: substance abuse
propensity and affective disorders, substance abuse as a way of self-treating
affective disorders, and substance abuse and cognitive disorders. This on-
going work may have strong practical implications in terms of treatment
strategies.

Dopaminergic neurotransmission plays a central role in cognition, mood
and substance abuse. A study in mice looking at the effects of targeted dis-
ruption in mice of dopamine and adenosine 3',5-monophosphate-regulated
phosphoprotein (32kDa) (DARPP-32), a gene regulating the efficacy of
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dopaminergic neurotransmission, illustrates this point [72]. Dopaminergic
neurons exert a major modulatory effect on the forebrain. DARPP-32, which
is enriched in all neurons that receive a dopaminergic input, is converted in
response to dopamine into a potent protein phosphatase inhibitor. Mice
generated to contain a targeted disruption of the DARPP-32 gene showed
profound deficits in their molecular, electrophysiological and behavioural
responses to dopamine, drugs of abuse and antipsychotic medication.

Further illustrating the intimate interplay between cognition and addic-
tion, dopamine mediated mechanisms of addiction are also likely to involve
some of the molecular mechanisms of memory formation [73].

Tissue Remodelling

Another emerging theme is that of progressive brain changes and end-organ
damage resulting from sustained abuse of drugs. Behavioural abnormalities
associated with addiction are very long-lived. It is being increasingly appreci-
ated that chronic drug exposure causes stable changes in the brain at the
molecular and cellular levels that underlie these behavioural abnormalities
[74].

A recent study with methamphetamine users illustrates this point. While
illicit stimulants are often used to enhance attention and alertness and gen-
erally speed up the thought process, chronic users had a dose-dependent
decrease of performance in neuropsychological tests that assess recall,
ability to manipulate information, ability to ignore irrelevant information,
and abstract thinking [75]. A positron tomography study in methampheta-
mine abusers revealed an association of dopamine transporter reduction
with psychomotor impairment [76]. A parallel study from the same group of
investigators found higher cortical and lower subcortical metabolism in
detoxified methamphetamine abusers [77]. These results suggest that, in
humans, methamphetamine abuse results in lasting changes in the function
of dopamine- and non-dopamine-innervated brain regions.

One such molecular switch underlying long-term neural plasticity is
DeltaFosB, a transcription factor that has been implicated in drug addiction
and movement disorders [78].

Advances and Insights from Convergent Functional Genomic
Studies

Acute methamphetamine administration in rats has been used as an animal
model of mania [5]. The candidate genes identified in that study through a
convergent functional genomics approach, as discussed in the section on
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mood disorders, may also represent players involved in stimulant addiction
and provide a mechanistic basis for comorbidity between bipolar disorders
and stimulant abuse and addiction.

Cocaine enhances dopamine-mediated neurotransmission by blocking
dopamine re-uptake at axon terminals. The striatum is one such site of action.
Chronic exposure to cocaine up-regulates several transcription factors that
alter gene expression and which could mediate the long-term neural and
behavioural changes induced by the drug. One such transcription factor is
DeltaFosB, a protein that persists in striatum long after the end of cocaine
exposure. Using DNA microarray analysis of striatal tissue from both indu-
cible transgenic mice engineered to overexpress DeltaFosB and mice treated
with cocaine, cyclin-dependent kinase 5 (Cdk5) was identified as a down-
stream target gene of DeltaFosB [79]. Overexpression of DeltaFosB, or chronic
cocaine administration, raised levels of Cdk5 messenger RNA, protein and
activity in the striatum. Interestingly, injection of Cdk5 inhibitors into the
striatum potentiated behavioural effects of repeated cocaine administration.
This elegant study implicates the neuronal protein Cdk5 as a regulator of the
effects of chronic exposure to cocaine, and identifies a novel cellular pathway
as a potential target for pharmaceutical drug development.

Changes in brain gene expression are thought to be responsible for the
tolerance, dependence and neurotoxicity produced by chronic alcohol abuse.
DNA microarrays have been used recently with some success in studies of
alcoholism [20]. RNA was extracted from post-mortem samples of superior
frontal cortex of alcoholics and non-alcoholics. Relative levels of RNA were
determined by array techniques. Expression levels were determined for over
4000 genes, and 163 of these were found to differ by 40% or more between
alcoholics and non-alcoholics. Analysis of these changes revealed a selective
reprogramming of gene expression in this brain region, particularly for
myelin-related genes, which were down-regulated in the alcoholic samples.
In addition, cell cycle genes and several neuronal genes were changed in
expression. The investigators conclude that the observed gene expression
changes suggest a mechanism for the loss of cerebral white matter in alcohol-
ics as well as alterations that may lead to the neurotoxic actions of ethanol.

A recent study comprehensively catalogued gene expression changes in rat
brains following acute and chronic exposure to 3-9-tetrahydrocannabinol
(THC), the active ingredient in marijuana, using microarray technology profil-
ingatotal of 24456 cDN As[80]. Of these, only 49 different genesshowed specific
changes in expression compared to control animals, including some signal
transduction molecules (prostaglandin D synthase, calmodulin), and struc-
tural molecules [neural celladhesion molecule (NCAM), myelinbasic protein].

The sequencing of the human and other mammalian genomes is a water-
shed event that will help us to understand the biology of addiction by
enabling us to identify genes that contribute to individual risk for addiction
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and those through which drugs cause addiction. A preliminary search of a
draft sequence of the human genome for genes related to desensitization of
receptors that mediate the actions of drugs of abuse on the nervous system
yielded multiple potential candidates and illustrates the impact this meth-
odology can make in speeding up the discovery process [70].

Advances and Insights from Pharmacological Studies

Ondansetron, an anti-nausea drug best known for its use in cancer chemo-
therapy, has been reported to be effective in reducing drinking, especially in
patients with early-onset alcoholism (before age 25) [81]. In their discussion,
the authors speculate that ondansetron changes the balance of activity
among the neurotransmitters dopamine and serotonin. In particular, it
reduces the activity at one of the serotonin receptors, 5-HT3; in previous
animal studies, blocking this receptor had been found to reduce the con-
sumption of alcohol. It is hypothesized that early-onset alcoholics may carry
a genetic variant of the receptor that makes them more vulnerable to the
addictive effects of alcohol. Interestingly, the blood test used to measure
alcohol use in this study is a new one: it measures carbohydrate-deficient
transferrin (CDT), which accumulates in the blood with sustained heavy
drinking, as haemoglobin Aj. does in diabetes, and persists at elevated
levels for weeks after drinking stops. The test was recently approved by
the US Food and Drug Administration for use in alcohol treatment centres
and may soon become widespread.

SLEEP DISORDERS

Clinical Comorbidity Underlined by Overlapping Biological
Mechanisms

Sleep is altered in a variety of mental disorders, both as a consequence of the
illness and secondary to pharmacological treatment. Mania and anxiety
disorders can lead to sleep decrease, whereas anergic depression and nega-
tive-symptoms schizophrenia can lead to increases in the duration of sleep.
As one of the few objective parameters to be investigated during a psychi-
atric interview, sleep may be viewed as the ““temperature” of the psychiatric
clinical exam. The extreme phenotype of narcolepsy has led to the identifi-
cation of a family of brain peptides called hypocretins as involved in sleep
regulation. Another promising line of research is represented by clock
genes. Clock genes regulate circadian rhythms, are highly conserved from
plants to man [82] and may be molecular substrates mediating the interface
of sleep and psychiatric syndromes.
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Tissue Remodelling

Narcolepsy is a disorder characterized by sleep attacks, cataplexy, disrupted
sleep patterns and hypnogogic hallucinations. Neurons containing the neu-
ropeptide hypocretin (orexin), identified using a combination of animal
models and genetics as described below, are located exclusively in the lateral
hypothalamus and send axons to numerous regions throughout the CNS,
including the major nuclei implicated in sleep regulation. In a post-mortem
study of human brains [83], investigators have found that narcoleptics had
85-95% fewer hypocretin-expressing neurons in their hypothalamus than
did matched controls. This suggests that a neurodegenerative process may
have affected the hypocretin neurons.

Advances and Insights from Convergent Functional Genomic
Studies

Two animal models of narcolepsy that have been instrumental in understand-
ing the pathophysiology of the disease are the canarc-1 mutant dogs, which
have a spontaneous mutation, and the orexin knockout mice, where hypocre-
tin/orexin was deleted by a purposeful experimental transgenic approach.

Positional cloning was used to identify an autosomal recessive mutation
responsible for narcolepsy in the canine model [84]. The study determined
that canine narcolepsy is caused by disruption of the hypocretin (orexin)
receptor 2 gene (Hcrtr2).

Assessed using behavioural and electroencephalographic criteria, orexin
knockout mice [85] exhibit a phenotype strikingly similar to that of human
narcolepsy patients, as well as to canarc-1 mutant dogs, the only known
monogenic model of narcolepsy. Modafinil, an anti-narcoleptic drug with
ill-defined mechanisms of action, was observed in those mice to activate
orexin-containing neurons.

These results identify hypocretins as major sleep-modulating neurotrans-
mitters and open novel potential therapeutic approaches for narcoleptic
patients.

Familial advanced sleep phase syndrome (FASPS) is an autosomal dom-
inant circadian rhythm variant; affected individuals are “morning larks”
with a 4-hour advance of the sleep, temperature and melatonin rhythms.
Human genetic linkage studies localized the FASPS gene near the telomere
of chromosome 2q. A strong candidate gene (hPER2), a human homologue
of the period gene in Drosophila, maps to the same locus. Affected individ-
uals were shown to have a serine-to-glycine mutation within the casein
kinase Ie (CKlIg) binding region of hPER2, which causes hypophosphoryla-
tion by CKle in vitro [86]. A stable alteration in human sleep behaviour can
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thus be attributed to a missense mutation in a clock component, hPER2,
which alters the circadian period.

Another clock gene, D-box binding protein (DBP), was identified as a
candidate for being involved in mood and psychotic disorders by a conver-
gent functional genomics approach [5], as described earlier in this chapter.
DBP is a transcriptional activator that shows a robust circadian rhythm. DBP
knockout mice show a reduced amplitude of circadian modulation of sleep
time, a reduction in the consolidation of sleep episodes and reduced loco-
motor activity, a picture that is not unlike depression [87]. Clock genes have
been shown to be important for the development of behavioural sensitiza-
tion to repeated stimulant exposure [88]. Taken together, the converging
lines of evidence about connections between clock genes, stimulant sensi-
tization, circadian rhythmicity, sleep and mood disorders make DBP an
interesting target for further studies of the bidirectional interface between
disorders of sleep and other psychiatric disorders.

Advances and Insights from Pharmacological Studies

The interplay between sleep disturbances and mood disorder is underlined,
for example, by the use of stimulants to augment antidepressant treatment in
patients who have had only a partial response to first-line therapy. Modafinil
is a novel psychostimulant that has shown efficacy in, and is marketed for,
treating excessive daytime sleepiness associated with narcolepsy. The mech-
anism of action of modafinil is unknown, but, unlike other stimulants, the
drug is highly selective for the CNS, has little effect on dopaminergic activity
in the striatum, and appears to have a lower abuse potential. In a retrospective
case series of seven patients with DSM-IV depression (four with major de-
pression and three with bipolar depression) in whom modafinil was used to
augment a partial or non-response to an antidepressant, all patients achieved
full or partial remission within 1-2 weeks [89]. These preliminary results
suggest that modafinil may be of use as an augmenter of antidepressants,
especially in patients with residual tiredness or fatigue. It may also be an
interesting choice in treating negative symptoms associated with schizophre-
nia, although rigorous controlled studies need to be carried out.

CONCLUSIONS AND FUTURE DIRECTIONS
Increasing Confluence of Psychiatry and Neurology

As psychiatry better understands the underlying structural and molecular
changes associated with mental disorders, and as neurology explores
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further the behavioural, cognitive and affective aspects of neurological
disorders of the brain, there is increasing overlap between the two spe-
cialties that may lead down the road to a unified specialty, brainology [13].

Blurring of the Separation Between Axis I and Axis II

The constantly increasing psychopharmacological armamentarium at our
disposal is significantly impacting axis II disorders, and has revealed the
separation between axis I and axis II to be somewhat artificial. An example
of this is that personality disorder scores improve with effective pharma-
cotherapy of depression [90]. Molecular genetic research will also benefit
from viewing axis I and axis Il as lying on a continuum-of-severity spectrum,
together with even softer forms that are currently classified as temperaments.
Mustrating this trend is a recent study identifying the association between a
polymorphism in the promoter region of the human dopamine receptor D4
(DRD4) gene and novelty-seeking personality traits [91].

Better Phenotypical Definitions

Psychiatry needs better, more precise quantitative descriptions of mental
phenomena and the phenotypes of different disorders in order to improve
patient care and speed up the convergent functional genomics and pharma-
cological discovery processes. This has not kept pace with the contemporary
progress in molecular genetics and brain imaging, and may provide a rate-
limiting step for future progress [42]. Our expectation is that the constant
interplay between molecular and cellular biology, imaging and clinical
research will avoid this roadblock.
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INTRODUCTION

The evolution of the brain constitutes the basis for the emergence of all the
psychological functions of the human mind. Animal and clinical work
during the past 200 years has clearly demonstrated that consciousness,
memories, language, concepts, feelings and emotions are dependent on
activity in more or less well-defined neuronal networks in the brain. Diag-
nostic work in psychiatry has until recent years been exclusively based upon
psychological interaction and careful observation of the patient’s behaviour.
Needless to say, more direct information about the integrity of the structure
and function of the brain in individual patients would be of great value as a
complement to conventional psychiatric skills and methods. Recent devel-
opments make it likely that the objective analyses of anatomical and func-
tional brain correlates of mental phenomena will be indispensable for major
progress in psychiatric diagnostic and therapeutic work.

This dream for many psychiatrists started to materialize at the end of the
1970s. Developments in the natural sciences including computer technology
made it possible to apply physical principles discovered during the previ-
ous phase of the twentieth century to obtain images of the living human
brain. In the early 1970s, advances in applied physics and computer science
laid down the background for the development of instruments that permit-
ted, for the first time, detailed visualization and analysis of the anatomy and
function of the brain within the skull of living patients. These technical
achievements include computed tomography (CT), magnetic resonance
imaging (MRI) and the emission tomographic methods, single photon
emission tomography (SPECT), and positron emission tomography (PET).
These methods of brain imaging have since been the subject of intense
technical development and are currently having a marked impact on clinical
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psychiatric research, and to some extent also on clinical practice. In the
present chapter the history and physical principles of each of these methods
will be described and their application in psychiatric research projects
outlined.

SPECIFIC BRAIN IMAGING METHODS
Computed Tomography
History and Physical Principles

X-rays were discovered by Wilhelm Conrad Rontgen in 1899. For this he
was awarded the Nobel Prize in 1901. The high energy of X-rays makes
them penetrate most biological tissues as a function of the electron density
or the chemical composition of the tissue. Some tissues with a high calcium
content (e.g. bone) have a high X-ray absorbing capacity (attenuation); soft
tissues (e.g. brain) produce little attenuation. Accordingly, the conventional
skull X-ray gives a distinct image of the bone structure surrounding the
brain but is virtually useless with regard to information concerning brain
structure. In 1918, Dandy developed the principle that X-rays are absorbed
by air to a much lower extent than brain tissue. He injected air into the
ventricular system and partly filled the cerebrospinal fluid (CSF) space with
air, which allowed visualization of the ventricular system [1]. This principle,
called pneumoencephalography, was used for several decades to exa-
mine brain structure in neurology. It was also used to describe ventricular
enlargements in many patients with schizophrenia [2]. The painful side
effects of this procedure precluded its use when other methods became
available.

In commercial X-ray procedures, the X-ray tube and the detector (or film)
are fixed in position and a single shot of X-rays is allowed to pass through
the structure to be imaged. In 1973, Allan McCormac and Godfrey Houns-
field developed methods based upon mathematical linear integrals de-
veloped by Radon in 1919 for calculation of projections (transforms) and
used the information from a number of X-ray exposures of the tissue from
different angles [3]. They developed algorithms to reconstruct the tomo-
graphic distribution of the X-ray absorbtion in cross-sectional planes
throughout the brain. The term “tomography” comes from tormos, the
Greek word for cut. McCormac and Hounsfield were awarded the
Nobel Prize in Physiology or Medicine in 1979 for developing the principle
of computerized axial tomography (now called computed tomography,
CT).
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The CT technique is accordingly based on the principle of X-ray absorb-
tion (attenuation) in tissues. The information from a number of X-ray
exposures of the brain from different angles is used to reconstruct tomo-
graphic image planes through the brain (Figure 3.1). This is accomplished
by moving the X-ray tube and the detector in a circular or spiral process
around the head. In every position the attenuation profile of the patient’s
brain is measured. This profile is called a projection. For each turn around
the head, thousands of projections are measured. Each projection is trans-
ferred to the computer for image reconstruction. This procedure markedly
increases the sensitivity at low absorption or attenuation levels. Recent CT
cameras use scintillation crystals that produce light when hit by an X-ray
and semiconductor technique. The light signal is converted to an electric
signal which is fed into the computer. Modern X-ray cameras have several
hundred detector elements to record the projection. Using this technique,
the absorption in many brain sections can be recorded. Various soft tissues
in the brain can be imaged with reasonably good contrast. In CT scan
images, various shades of grey, black or white can then be assigned to a
density number corresponding to each volume element (voxel). Thus, CSF,
which has a low attenuation similar to that of water, appears almost black,
whereas bone appears white. As shown in Figure 3.2, the best available CT
scanners produce images of brain sections where details of the tissue struc-
tures can be visualized. The outline of the ventricular system is easily
distinguished from the brain tissue proper. Although it is difficult to dis-
tinguish grey from white matter, several brain nuclei such as the basal
ganglia and the thalamus can often be outlined. Using various contrast
media that absorb X-rays, blood flow distribution can also be visualized
(Figure 3.2).

Currently available CT scanners have a resolution of approximately
1mm. The recent elaboration of computer techniques allows the imaging
of the brain of living patients through several geometrical planes. Conven-
tional high-resolution CT scanners show morphological features of about 2
to 5-mm thick sections throughout the brain.

A major advantage of CT is that it is quite patient-friendly in comparison
with MRI and PET. It takes only 5-10 minutes to make a brain investigation.
It is also quite cost-effective; for routine use the cost is in the order of US$
500. It is also available in most medical institutions.

The major disadvantage is the radiation exposure, which is of the same
order as that of an ordinary skull or chest X-ray. This precludes carrying out
many repeated investigations. Another disadvantage is that it can only be
used to examine structural features of the brain. Compared to MRI it gives
rather low resolution and poor tissue differentiation, e.g. with regard to grey
and white matter.
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FicurE 3.1 Computed tomography (CT) acquisition of data. The X-ray tube (X)
and the detector (D) rotate stepwise (S) around the patient. In each position of the
detector system (1, 2, etc.), the attenuation profile of the patient’s head is measured.
The profile is called a projection (P1, P2, etc.). For each turn thousands of projections
can be created. Each projection is sent to the computer for image reconstruction

Modified after Siemens-Elema AB. Copyright Per-Ake Pahlstorp

Precontrast CT Flow Image

FicurE 3.2 CT images of the brain of a 75-year-old woman with acute ischaemic
stroke. A Precontrast CT (note visualization of the ventricular system and bone
structure; note also poor contrast between grey and white matter). B CT image after
injection of X-ray absorbing contrast medium reflecting blood flow. See colour plates

Modified after Siemens-Elema AB. Copyright Per-Ake Pahlstorp
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Research Findings

The first systematic application of the CT technique in psychiatric research
was made by Johnstone et al. [4]. These authors demonstrated unequivocally
the occurrence of wide ventricles, wide cortical sulci and reduced size of
cortical gyri in patients with schizophrenia as compared to healthy control
subjects. Since then many studies have replicated these findings, and recent
meta-analyses of studies in schizophrenic patients demonstrate a high con-
sistency in this regard [5]. Alterations of the attenuation property of brain
tissue and a reduced volume of specific neocortical and cerebellar regions
in schizophrenia have also been reported in studies using the CT technique
[6-9]. However, similar changes are often observed in pre-senile and senile
dementia as well as in many cases of affective disorders, chronic alcoholism
and drug abuse. Brain morphology as examined by CT also varies consider-
ably with regard to the age of the patient and other individual factors. For
this reason, all CT scanning measures in all studies have demonstrated a
considerable overlap of data between psychiatrically specific diagnostic
groups and control subjects. There is also evidence from several studies
that subjects with apparently normal mental activity may have signs of
marked cerebral changes on a CT scan. Thus, the specificity of changes
reported from CT studies in various psychiatric diagnostic groups as well
as their functional significance are still matters for further analysis and
exploration.

CT scanning as hitherto applied by psychiatric research cannot be of
diagnostic value as a single technique in psychiatry, even in dementia.
In the future more refined analyses of brain morphology and the estab-
lishment of standardized quantitative reference values for various brain
structures will be necessary before brain morphological dimensions as
measured by CT can be introduced in psychiatric diagnostics. For this to
be accomplished, the development of standardized databases for various
features of human brain morphology will have to be developed. Compre-
hensive methods of assessing routine CT scans have recently been de-
veloped, allowing the pooling of data obtained by different research
groups [10].

During recent years, developments in MRI and PET technology have to a
large extent led to their gaining over the use of the CT technique in psychi-
atric research, because of the radiation hazards. However, it is evident that
CT was the first brain imaging technique successfully used to examine
biological changes in psychiatric disorders. Before the development of CT
scanning, the occurrence of morphological brain alterations in such dis-
orders besides dementias was generally not accepted by the scientific com-
munity.
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Magnetic Resonance Imaging
History and Physical Principles

The word magnetism comes from the name of the city Magnesia in Turkey,
where many naturally occurring magnets can be found. The first physical
principles for magnetism were formulated by Karl Friedrich Gauss in the
eighteenth century. James Clerk Maxwell discovered the fundamental laws
of electromagnetism in the following century. Felix Bloch [11] and Edward
Mills Purcell et al. [12] independently discovered the nuclear magnetic
resonance (NMR) phenomenon and were jointly awarded the Nobel Prize
for Physics in 1952.

The NMR phenomenon was first used to examine magnetic resonance
spectroscopic (MS) properties of compounds in solution. In the 1960s,
superconducting magnets and more efficient computers were developed.
When they were combined with the image reconstruction techniques de-
veloped by Godfrey Hounsfield for X-ray tomography, the first in vivo
magnetic resonance images could be reconstructed, which took place in
the early 1970s [13]. Several kinds of MRI data can be acquired without
exposing subjects to ionizing radiation or radioactive isotopes. Initially MRI
was mainly used for visualizing the structure of the brain. In the early 1990s,
functional magnetic resonance imaging (fMRI) was developed for the
recording of rapid changes in local cerebral blood flow. The term ““func-
tional” MRI is related to neurovascular coupling, a phenomenon first
reported by Roy Sherrington in 1894, who reported that local variations of
functional neuronal activity are followed by local changes in blood flow.
fMRI has been extensively used for mapping the functional anatomy of the
human brain in living subjects. The first successful application of fMRI was
when it was used to describe the functional activation of the occipital cortex
by visual stimulation and the motor cortex by finger movements [14, 15]. A
third modality using the NMR phenomenon is NMR spectroscopy (MRS).
Although this method has not yet reached the status of an imaging techni-
que, topographically covering widespread areas of the brain, it can currently
be used to examine concentrations of some specific organic compounds and
metabolites in blocks of brain tissue of living subjects.

Compared to the other imaging techniques mentioned in this chapter, the
physical principles of MRI are more complex. The brain is largely composed
of water, and each water molecule contains atoms of hydrogen and oxygen.
The hydrogen nucleus is a positively charged proton that has an impulse
momentum such that the charges within the nucleus can be regarded as
rotating around an axis, i.e. the nucleus is said to have spin. When placed in
a powerful magnetic field, nuclei show a precessional motion about the field
direction (precession is similar to the wobbling of a spinning top). The
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precessional frequency increases as the field strength increases. Protons
aligned with a static magnetic field precess at very high frequency around
the axis of the external field. The precession frequency (Larmor frequency)
is constant for a given type of atomic nucleus and the external field strength.
All the hydrogen nuclei in the brain precess at the same frequency in the
same field; however, they precess with different phases. Thus, at a given
moment different nuclei have reached different points in their rotation
around the axis of the external field. Bloch and Purcell showed that if
radiofrequency stimuli were supplied to the atoms at the right angle to the
magnetic field, the nuclei absorbed energy and precessed at a wider and
wider angle from the magnetic field. When the radiofrequency stimulus was
discontinued, the precessing nuclei emitted a brief radiofrequency signal
(i.e. magnetic resonance signal) at the same frequency as the precession
frequency. If a pulse of radiofrequency energy is applied at the Larmor
frequency to a brain located in a magnetic field, the protons within the brain
will absorb the energy and resonate. When the radiofrequency pulse has
ceased, the resonating nuclei gradually relax back to the state of random
precession. There are two components of this relaxation process, character-
ized by so-called relaxation times. T; reflects the longitudinal and T, the
transverse relaxation in relation to the magnetic field [11, 12].

The first relaxation time (T) is the time taken for the strength of longitu-
dinal magnetization (parallel to the magnetic field) to return to 63% of its
value before the end of the radiofrequency stimulation. T is determined by
interaction between protons and their long-range molecular environment.

The second relaxation time (T;) describes the time it takes for the nuclei to
stop marching in step around (perpendicular to) the axis of the magnetic
field. When the radiofrequency pulse stops, the dephasing begins, but its
rate is determined by the immediate atomic environment of the protons.
When the protons relax, they emit energy absorbed from the radiofrequency
pulse in the form of a weak radiofrequency signal which decreases at a rate
normally determined by T,. The character of these emitted signals consti-
tutes the data from which magnetic resonance images are constructed.

MRI is the current method of choice for anatomical examination of the
brain, because it is possible to produce marked image contrast between grey
matter, white matter and CSF. Tissue contrast in MRI images is related to
proton density. The physical and chemical environment of the protons also
influences relaxation times. The location of the radiofrequency emitted is
encoded in the three spatial dimensions by slice-selective radiofrequency
pulses (Z-dimension) combined with the use of frequency- and phase-
encoding magnetic field gradients for the XY dimensions.

The fast spin echo sequence represents a further refinement. Instead of
eliciting a single echo after the pulse, fast spin echo imaging elicits several
pulses (an echo train). Earlier echoes generate a proton-density-weighted
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image, and the latter can be used to form a T,-weighted image. A fast spin
echo sequence provides further tissue contrast with about the same scan
time.

Diffusion-weighted imaging is another development of the MRI technique.
Protons move by random brownian motion or diffusion within solutions. The
rate of diffusion is greatest for protons in the CSF and less for protons limited
by physical barriers such as myelinated axons. The diffusion rate affects the
relaxation times. Itis also possible to use diffusion-weighted imaging to show
how compactly organized the white matter is and to estimate the orientation
of fibre tracts. To obtain images weighted for diffusion, two extra magnetic
gradients are applied during a spin echo sequence.

An MR system consists of the following components: a main magnet,
magnetic gradient coils, a radiofrequency emitter and receiver, a computer
and a patient data retrieval system. The key to a good MR magnet is its
homogeneity. Currently superconducting magnets cooled by liquid helium
are used. Most current machines have magnets with up to 1.5 Tesla (T) field
strengths. However, magnets up to about 4 T are also available and are used
for animal experimentation, but they are presumed to represent the limit of
health hazards for human subjects. The gradient coils are used to generate
magnetic field gradients in three dimensions for spatial localization. The
gradient coils are placed between the patient and the main magnet. There is
great demand on the current generators for the coils, since currents in the
order of 50 A and voltages of 80 V with very rapid (>1ms) alternations of
current direction are required. The switching of the gradient coils produces
the loud bumping sound (magnetostriction) one can hear when an MR
machine is used. The radiofrequency coil has a two-fold function, to trans-
mit the radiofrequency pulses for the imaging sequences and to receive the
emitted signal. Head coils with a three-dimensional “‘bird cage’” design are
often used with good sensitivity throughout the volume they enclose.

Practically all general hospitals in the Western world have active MRI
units. The within-plane resolution with 1.5 T magnets is of the order of
0.5-2 mm, with a slice thickness down to about 2 mm. With higher magnetic
field strengths, higher resolution can be obtained. Currently some 3 T MRI
scanners are used for neuropsychiatric research.

Visual inspection of MRI images allows the qualitative estimation of gross
anatomical changes that are relatively often found in psychiatric patients.
For more detailed analysis, quantitative methods have to be used. The
previously most widely used method of measuring volumes of brain struc-
tures from MRI was based upon manual drawing of a line around the region
of interest (ROI) on the image and determining the number of volume
elements (voxels) in the image enclosed by the line. Measurements of
several manually drawn ROIs through several sections were combined to
produce three-dimensional volumes of different structures. Manual ROI
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morphometry is conceptually simple but very time-consuming. In recent
years procedures have been developed that use automatic techniques for
classification or segmentation of brain tissue. In one method based on
discriminant analysis, the operator selects subsets of voxels in the image
that are representative of each tissue class, i.e. white matter, grey matter and
CSF [16]. These training data are then used to make a probabilistic assign-
ment of each voxel in the image to one of the three classes (Figure 3.3).
Before, or when the brain image has been divided into its tissue classes by
segmentation, the image can be registered in a standard anatomical space,
using mathematical transformation minimizing the difference between
image and a template image in standard space. This procedure allows
comparison of brain structure and volume between individuals. The par-
ameters used for the transformation to line the image with a template can in
turn be used as measures of brain structure [17].

The main advantage of nuclear magnetic imaging is the lack of radiation
exposure. MRI with current technology also has a higher resolution than CT,
SPECT and PET imaging. It is the only technique that allows reproducible
differentiation of grey matter, white matter and CSF. Intra- and interrater

FicurE 3.3 Tissue classification by magnetic resonance imaging (MRI). MRI of a
32-year-old healthy man. Discrete (categorical) classification of cerebrospinal fluid
(black), grey matter (grey) and white matter (white)

By courtesy of Ingrid Agartz
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reliability of measurements with structural MRI is usually better than 0.9
even for relatively small structures [18]. The investigation takes about 30
minutes and is relatively expensive, costing about US$ 750. The major
disadvantage of MRI is that it is stressful for the subject (both the placement
within the magnetic tunnel, which is critical for claustrophobic subjects, and
also the relative noisiness of the investigation due to the bumping of the
gradient coils). Currently there are no known health hazards with a mag-
netic field strength below 4 T. Other limitations of MRI are that it is quite
sensitive to motion artefacts and the presence of metals.

Research Findings with Structural MRI

Schizophrenia. A large number of MRI studies performed during the past
decade have confirmed previous findings with CT demonstrating expan-
sion of lateral and third ventricles and other CSF spaces, as well as reduction
of gyral size and widened sulci in the brain of many schizophrenic patients.
Reduced volumes of total brain, dorsolateral prefrontal cortex, hippocam-
pus and parts of the cerebellar vermis have also been demonstrated [19].
Although there is significant variability in all these studies and a consider-
able overlap in data between patients and control subjects, a number of
studies have found significant volume reductions of specific brain regions in
groups of schizophrenic patients. The studies appear to be most consistent
with regard to reductions in prefrontal, temporal and specific lobules of the
vermis in groups of patients with schizophrenia [18]. Several studies also
indicate a clear tendency to lower intracranial cavities in patients with
schizophrenia [20]. This is particularly evident for patients with child-
hood-onset schizophrenia [21]. MRI analysis of the volume of grey matter
in a number of brain regions also tends to indicate that there are reductions
in prefrontal brain regions, particularly the medial temporal cortex [22, 23].
Several studies examined lateralization of volume changes in schizophrenia;
some investigators found more reduction on the left side in prefrontal and
medial temporal cortex, but other groups were unable to verify such a
lateralization [24-26].

In order to examine possible relationships between etiological factors for
schizophrenia and brain morphological changes, several studies examined
the brain morphology with MRI in patients with versus without a family
history of the disorder. In this respect, too, results were not consistent. Some
investigators found fewer morphological deviations in patients with a
family history of the disorder, whereas most investigators found no marked
differences in brain morphological features between schizophrenic patients
with and without family history of the disorder. Studies in monozygotic
twins discordant for the disorder demonstrated wider ventricles in the sick
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co-twin, indicating that expansion of CSF volume in schizophrenic patients
is related to environmental rather than genetic factors [20, 27]. Interestingly,
analysis of birth complications in monozygotic twins discordant for the
disorder also indicated that the ill twin had suffered more perinatal compli-
cations and also had wider ventricles than the healthy twin [28].

Over the last few years several diffusion tensor imaging studies have

indicated alterations in water diffusion parameters in several white matter
tracts in patients with schizophrenia. However, here, too, results were diver-
gent with regard to the region in the brain where such alterations could be
demonstrated [29, 30]. Steel et al. [31] were unable to detect such differences
between schizophrenic patients and controls.
Affective disorders. Comparisons of brain MRI data generally find more
morphological deviations in schizophrenic patients than in those with af-
fective disorders or alcohol abuse [32, 33]. The most consistent structural
change in depressive patients is the observation of deep subcortical hyper-
intensities in patients with severe and old-age depression [34, 35]. In some
studies, expansion of the ventricular system and reduction of prefrontal
lobe volumes have also been observed [36]. Although authors of the latter
study found reduced volumes of the left hippocampus in depressed pa-
tients, such a change has been questioned by other authors [37]. In a
structural brain MRI study of depressed children, Steingard et al. [38]
found a significantly lower frontal lobe volume in the depressive patients
with early onset. The incidence of cavum septum pellucidum, which has
often been regarded as a neurodevelopmental anomaly, has been found to
be higher in patients with schizophrenia. Shioiri et al. [39] found that the
frequency of this anomaly in patients with bipolar disorder was signifi-
cantly higher than in control subjects, but slightly lower than in schizo-
phrenic patients.

Functional Magnetic Resonance Imaging
History and Physical Principles

During the past decade, another important application of MRI has emerged,
functional magnetic resonance imaging (fMRI). This technique has been
applied to a number of important questions with regard to brain function.
Two independent phenomena have made the development of fMRI possible.
The first is the principle of neurovascular coupling, i.e. the fact that when
neuronal activity is increased in a brain region, it is followed by a local
increase in blood flow through the region. When the neurons in a
local region of the neocortex are activated, e.g. by sensory stimulation, the
local blood supply to the activated cortical area increases a few seconds after
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the onset of stimulation. The blood flow is elevated to a greater extent
than the oxygen uptake in the region, causing a local increase in the ratio of
oxygenated to deoxygenated haemoglobin [40]. This change in the ratio
of oxyhaemoglobin to deoxyhaemoglobin affects the MRI signal, since deox-
yhaemoglobin is more paramagnetic than oxyhaemoglobin (Figure 3.4).
This will lead to prolongation of T, times in the area in relation to increased
blood flow and functional activation. This haemodynamic effect can be
recorded by a Tp-weighted signal which is blood oxygen level-dependent
(BOLD) [42].

To optimize the signal for fMRI, special radiofrequency sequences paired
with very rapid data acquisition are required. The advantage of this so-
called gradient echo imaging is that both time for excitation and time between
consecutive excitations can be markedly reduced, giving a reduction in
scanning time. In less than three seconds, slices a few millimetres thick
can be acquired covering the entire cortex. The technology required for
this rapid gradient echo sequence has become available in most MR centres
during the last few years, allowing the recording of functional changes with
high temporal resolution over the entire brain.

A. Brain tissue at rest
Blood

* Deoxyhaemoglobin
** Oxyhaemoglobin

B. Brain tissue during
functional activation

FiGURE 3.4 Functional magnetic resonance imaging (fMRI): blood oxygen level-
dependent (BOLD) phenomenon reflecting blood flow. A Brain tissue at rest, contain-
ing a relatively low proportion of deoxyhaemoglobin in relation to oxyhaemoglobin. B
After activation the proportion of deoxyhaemoglobin increases, giving a stronger
signal from the tissue. C Image showing the increased signal in the visual cortex
generated from a comparison of the cortex at rest and the activated cortex after visual
stimulation. See color plates

Modified after [41]
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The most common experimental design for psychiatric studies is to alter
the subject’s experience or behaviour in a reproducible way that is likely to
produce a specific neuronal and neurovascular response. The most common
is the blocked periodic design, useful for a range of investigations. It in-
volves alternately presenting an activation condition and a baseline condi-
tion to the subject. During each condition several stimuli are presented. The
cycle of alternation between the two conditions is repeated a number of
times during the course of the experiment. Functional MRI data in the form
of T-weighted signals are acquired repeatedly throughout the experi-
ment.

Research Findings

The great potential of fMRI is to visualize brain regions involved in specific
neuropsychological and neurophysiological processes. During the relatively
few years since the development of this technique, it has been applied in a
number of studies of considerable importance for neuropsychiatric research.
Initial demonstrations that functional activations take place in primary
cortical regions in relation to specific sensory stimulation verified the previ-
ously known localizations of brain visual, auditory and motor cortices. Of
particular interest are studies of memory and cognition. Such studies have
demonstrated relationships between activation in a number of brain regions,
probably reflecting distributed neuronal networks in relation to memory
acquisition and retrieval, with short- and long-term memory showing dif-
ferent activation patterns [43-45]. Specific cognitive tasks in relation to fMRI
studies have since been elaborated in order to examine possible alterations
in specific psychiatric patient groups.

Schizophrenia. Weinberger and his group examined activation of the dorsal
prefrontal cortex in relation to complicated cognitive tasks, using the Wis-
consin Card Sorting Test (WCST). Schizophrenic patients exhibited reduced
activation of the prefrontal cortex and the medial temporal cortex compared
to control subjects in this test [46]. Menon et al. [47], using fMRI, found
evidence for disrupted basal ganglia function in schizophrenia. Woodruff et
al. [48] found that auditory hallucinatory states in schizophrenic patients
were associated with reduced activation in temporal cortical regions that
normally express activity during external speech. These studies were per-
formed in relatively small subject groups and showed considerable variabil-
ity between subjects with regard to the magnitude of changes in relation to
activation and also with regard to location of regions activated. For this
reason, the effects observed in fMRI studies performed so far have to be
replicated in substantially greater patient groups with standardization of
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research test paradigms before definitive conclusions can be drawn. The
problem with fMRI is that activation patterns are relative and semiquanti-
tative and can only be poorly recorded in subcortical brain regions, which
complicates the interpretation of the location of primary perturbations in
mental disorders as schizophrenia.

Affective disorders. To date little fMRI research has been done in psychiatric
disorders besides schizophrenia. In order to examine the neuroanatomy of
major depression, Beauregard et al. [49] performed an fMRI study using an
emotion-activation paradigm. Subjects were exposed to an emotionally
laden film aimed at inducing a transient state of sadness. Patients with
unipolar depression as well as normal subjects had significant activation
in the medial and inferior prefrontal cortices, the middle temporal cortex,
the cerebellum and the caudate. The depressed patients exhibited signifi-
cantly greater activation in the left medial prefrontal cortex and in the right
cingulate gyrus compared with controls, indicating alterations in these
regions in the pathophysiology of depressive states.

Anxiety disorders. A few fMRI studies have so far been performed in phobic
states. Birbaumer et al. [50] found excessive activation of the amygdala in
human social phobics. In the same category of patients, Schneider et al. [51]
found that conditioned stimuli with negative odour led to signal increase,
whereas an opposite decrease in the same regions was obtained in normal
subjects.

Single Photon Emission Tomography and Positron Emission
Tomography

Another principle employed to obtain information about events within the
living brain is to introduce specific compounds labelled with radioactive
isotopes into the brain. The signals emitted from these radioactively labelled
compounds reflect the dynamic distribution of the compounds in the brain.
This is the principle of emission tomography. By selecting compounds that
participate in brain functions without fundamentally altering them, kinetic
information about the fate of the compound may be used as an index of such
functions in brain regions.

Gamma radiation easily penetrates the skull and brain tissue. When
gamma-ray-emitting isotopes are used to label compounds that interact
with brain metabolism or constituents thereof, their location in brain tissue
can be externally determined by crystal detectors that emit photons, or light,
when hit by gamma rays. Using systems of such scintillation detectors
positioned around the head, it is possible to follow dynamic metabolic or
molecular events by measuring radioactivity in regions of the brain over
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time. Currently, there are two types of emission tomography: single photon
emission computed tomography (SPECT) and positron emission tomog-
raphy (PET).

History and Physical Principles

SPECT and PET are based upon radiotracer principles. Several types of
radioactive isotopes are used to label specific compounds as markers for
different physiological and biochemical pathways. The radiotracers are
usually administered intravenously and the emission resulting from the
decaying radioactive isotope is recorded externally by sensitive detectors.

In 1961, Lassen and Ingvar introduced the first method for determination
of regional cerebral blood flow (rCBF), using arterial administration of inert
radioactive gases such as krypton-85 (#°Kr), or xenon-133 (}**Xe) [52]. They
recorded the gamma radiation emitted from these isotopes using several
scintillation detectors and measured the clearance of these isotopes from
cortical regions of the brain. This method allowed them to describe a
hypofrontal rCBF distribution pattern in chronic schizophrenic patients
[53]. The introduction of SPECT in '3*Xe rCBF measurements by Stokeley
et al. [54] enabled three-dimensional studies of rCBF using rotating detector
systems and reconstruction of images reflecting the isotope distribution in
the brain.

Recent developments in multidetector systems have made the SPECT
technique highly sensitive and given it high resolution. The SPECT camera
is less expensive than PET cameras and less technically demanding, which
has made it more readily available in many hospitals and research units. The
random occurrence of gamma radiation in nature creates a relatively high
noise level for the detectors used in SPECT. The most common radioisotopes
used for SPECT are technetium-99 (*™Tc) and iodine-123 ('2’I). These
isotopes have half-lives of about 6 and 13 hours respectively. SPECT radio-
tracers useful for measurement of blood flow, dopamine, serotonin and
benzodiazepine receptors, and monoamine transporters are presented in
Table 3.1.

SPECT cameras currently have a resolution of the order of about 5mm in
all three dimensions. Using the appropriate radiotracer, selective relative
measurements of blood flow and receptor or transporter molecules related
to the monoamine and vy-aminobutyric acid (GABA) systems can be
obtained. With correction for the random occurrence of gamma radiation
it is possible to obtain semi-quantification of physiological and biochemical
parameters. The production of isotopes with high specific activity can allow
detection of sub-nanomolar concentrations of molecules, as for example
dopamine receptors, in the brain.
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TABLE 3.1 Single photon emission tomography (SPECT) radiotracers and their
application

Radiotracers Measurement

[®mTJHMPAO Blood flow

[1B1]IMP Blood flow

['%I]lodobenzamide Dopamine D,/Ds receptors
['ZI]Epidepride Dopamine D,/Ds receptors
[**1]lomazenil Benzodiapine receptors
['ZI]Nor--CIT Dopamine and serotonin transporters

Since the isotopes used in SPECT are not normal constituents of organic
molecules and have a relatively large molecular size, they may alter the
property of the tracer molecule to which they are attached, which may
influence the quantification of physiological parameters. The advantage
is their long half-life, which makes it possible to ship radiotracer
molecules from a synthesizing centre to the research site where the
SPECT experiment is to be performed. The SPECT technique is only
available for limited types of functional studies, such as blood flow and
some receptor and transporter molecules. Compared to PET, SPECT has a
lower sensitivity and resolution. Moreover, it has a lower potential for
quantification.

Further refinement of emission tomographic methods came about when
short-lived positron-emitting isotopes became generally available from the
cyclotron industry in the 1950s. This allowed the synthesis of short-lived
radiotracers and the development of the PET technique. Positron-emitting
isotopes make possible a marked reduction of the effect of random noise
from natural gamma radiation. These isotopes are produced by bombard-
ment of natural elements with protons in a cyclotron. Positron-emitting
isotopes are highly unstable. When disintegrating they emit positrons, i.e.
positively charged electron-like particles (antimatter). The positron passes
efficiently through the tissue until it encounters an electron. When these
particles collide, they are both annihilated and simultaneously two gamma
rays are emitted in opposite directions close to 180° from each other. It is
possible to detect these two gamma rays by coincidence-coupled scintillation
detectors in a ring (Figure 3.5). Using this procedure, only signals arising
from the simultaneous activation of two detectors can be used for image
reconstruction of the radiotracer distribution in the brain. Each coincidence-
coupled detector pair detects the gamma radiation from isotope decays close
to a line between the two detectors. By arranging rings of detectors
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A. Positron emission in the brain B. Positron camera, image generation
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FicurRE 3.5 Principles of positron emission tomography (PET). A Radiotracer
nucleide decays and emits a positron. The positron travels 1-3 mm and annihilates
with an electron in the tissue, creating two gamma rays emitted in opposite direc-
tions. B The two gamma rays strike opposing detectors, mounted in a ring of many
detectors, and a “coincidence event” is recorded. Image reconstruction yields the
radiotracer distribution. See color plates

around the subject’s head and using computer-based back projection tech-
niques, the distribution of radiotracer can be obtained in two- or three-
dimensional space. Initially, in the beginning of the 1970s, primitive PET
cameras were developed that used only a few such coincidence-coupled
detectors [55]. Over the years, the number of detectors placed in rings
around the head has multiplied by more than a thousand-fold. An import-
ant historical event in PET was the use of 2-deoxyglucose labelled with the
positron emitters fluorine-18 ('®F) or carbon-11 (*'C) as radiotracer to exam-
ine blood flow in local regions of the brain [56]. A second important step
was the development by Wagner et al. of the first relatively selective neu-
roreceptor radioligand useful for PET [57]. This radioligand allowed for the
first time the location of molecular components of specific neuronal signal-
ling mechanisms to be visualized in the living human brain. These were also
the first methods by which the molecular targets of neuroleptic drugs in
regions of the human brain could be visualized and quantified [58, 59].
Several positron emitting isotopes useful for physiological studies can be
produced by a cyclotron. The most common are oxygen-15 (°0), carbon-11
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(*'C) and fluorine-18 (*8F), with half-lives of about 2, 20 and 110 minutes
respectively. These isotopes are highly versatile, because they are isotopes
of normal constituents in organic molecules and drugs and their molecular
sizes are close to those of the natural isotopes. Their short half-life is another
advantage from the point of view of patient radiation exposure. However,
the short half-life of these isotopes makes special demands on the possibility
of having a cyclotron on site and a rapid and efficient radiosynthesis proce-
dure to produce the radiotracer. The radiosynthesis procedure requires
automated radiosynthesis facilities and quality control to estimate the spe-
cific activity and chemical purity of the radiotracer produced. The most
recent cyclotrons can produce the positron isotopes to very high specific
activities (>2000Ci/mmol), which allows the use of very small mass
amounts of the radiotracers, typically less than a few micrograms for a
human subject. Thus, the radiotracers used in current PET experimentation
are commonly used in such small amounts that they do not produce any
pharmacological or mass effects on physiological mechanisms, which can be
recorded with very high sensitivity. The rapid decay of the positron isotopes
makes the radiation exposure brief (less than an hour). Table 3.2 presents a
list of radiotracers useful for PET. Their research applications have
expanded at an increasing rate in recent years.

Until the past few years, the PET technique has been most commonly
used for recording regional changes of glucose metabolism and blood flow
in research projects concerning cognition and psychiatric disorders. The
rapid development of fMRI may lead to a diminution of these PET applica-
tions, although PET has the advantage of absolute quantification. On the
other hand, PET appears to be the method of choice for examining radio-
tracer binding to explore signalling mechanisms in specific synaptic path-
ways of the brain. The availability of specific PET tracers for subtypes of
dopamine and serotonin receptors as well as the transporters for serotonin,
dopamine and noradrenaline in the brain represent new, intriguing devel-
opments (Figure 3.6) [60-62]. This has been made possible by the develop-
ment of highly selective radioligands for various biochemical molecules
participating in signal transmission in the brain. For example [''C]raclo-
pride, a highly selective D,-dopamine receptor antagonist, when injected
intravenously in tracer amounts, shows a highly reproducible profile of
radioactivity accumulation over time in areas with a high density of D,-
class dopamine receptors. On the other hand, regions with a low density
of these receptors, such as the cerebellum, will show little uptake. In this
way, specific and non-specific binding can be distinguished using appro-
priate radiotracer models where the time-radioactivity curve can be used to
quantify receptor number and affinity [58, 63]. The qualitative validity of
this procedure has been demonstrated by showing the saturability and
stereospecificity of radiotracer binding to dopamine receptors [59].
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TABLE 3.2 Positron emission tomography (PET) radiotracers and their application

Radiotracer Measurement

c0,/ H%SO Blood flow

[11C]SCH 23390 Dopamine D; receptor
[''CINNC112 Dopamine D; receptor
['!C]Raclopride Dopamine D, receptor

[ C]FLB-457
[UCIRTI 121 and 32
[**F]Dopa and [®F]Metatyrosine

['!C]Dihydroxytetrabenazine
[CPE21
[ICIWAY 100635
[MCIMDL-100907
['8F]Altanserin
['8F]Setoperone

[

1C]Methylspiperone

Dopamine D, receptor

Dopamine reuptake site markers

Dopaminergic neuron density and
integrity

Vesicular monoamine transporter

Dopamine transporter

Serotonin 5-HT4 receptor

Serotonin 5-HT,4 receptor

Serotonin 5-HT, receptor

Serotonin 5-HT, receptor

Cortical 5-HT), receptors and striatal
D, receptors

[M'C]McN 5652 Serotonin transporter
["'C]Methyltryptophan Possible measure of serotonin
synthesis rate
[\!C]Diprenorphine Opiate p, k, and 8 receptors
[!!C]Carfentanil Opiate p receptors
[MCJFlumazenil Central benzodiazepine receptors
["'CINNC 112 [''C]FLB 457 [''C]B-CIT-FE

Dopamine D1 Dopamine D2

receptor

High

Low

Dopamine
transporter

FiGUurRE 3.6 Examples of radioligands for positron emission tomography (PET)
imaging of the dopamine system. See color plates

By courtesy of Lars Farde and Christer Halldin
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The radiotracer binding approach has also been used in attempts to
demonstrate alterations of amphetamine-induced transmitter release in the
living human brain [64]. Although this approach cannot be used for quanti-
tative purposes, due to the uncertainty of a number of assumptions for the
kinetic models used, it has given interesting indications for increased dopa-
mine release in studies on schizophrenia.

The great potential of the PET technology is its high specificity and
sensitivity with regard to specific physiological and biochemical measure-
ments. In these respects PET is unsurpassed by the other imaging modal-
ities. The ability to obtain quantitative estimates of intracerebral mechanisms
is another important feature. The limitation of PET is its rather low spatial
resolution, currently of the order of 3-5mm in the three dimensions. Cur-
rently, PET cameras with several thousands of detectors placed in rings
around the head represent the state of the art.

As with other imaging techniques, SPECT and PET data are often pre-
sented and compared after transformation of the data into a standard brain
space. The one commonly used for this purpose is the Talairach and Tour-
noux atlas [17].

A major advantage of PET blood flow measurements using oxygen-15
(°0O) labelled water is the ability to obtain quantitative data and also
perform repeated measurements. Thus, several measurements of rCBF can
be obtained over a three-hour period in a single subject. Previous studies
were done predominantly by comparing subject groups at rest. In recent
years subjects have been scanned while engaged in specific cognitive tasks.
This is in principle similar to the experimental approaches used for fMRL
The major limitation of the PET technology, besides low resolution, is the
very great expense involved, relating both to isotope production and radio-
synthesis and to the cost of the cyclotron, the camera and the computer
equipment required.

Studies of Glucose Metabolism and Blood Flow

As described above, SPECT and PET studies with radiotracers for glucose
metabolism and blood flow reflect net neuronal activity in gross brain
regions. To date, more than 700 articles have been published on psychiatric
research using these methods. In this chapter, results obtained in schizo-
phrenia and some other psychiatric disorders will be briefly summarized as
relevant examples.

Schizophrenia  In extensive series of studies using labelled deoxyglucose,
Buchsbaum and his group have described abnormal regional glucose metab-
olism in schizophrenics both at rest and during specific cognitive tasks [65].
In these studies, reduced metabolism was primarily found in the frontal and
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temporal cortex. Patients with schizophrenia were also found to have lower
metabolic rates in the anterior cingulate gyrus and higher rates in the poster-
ior cingulate [66].

Rapoport and her group examined cerebral glucose metabolism by PET in
childhood-onset schizophrenia. The results indicated reduced metabolic
rate in the superior and middle frontal gyrus and increased rate in inferior
frontal and supramarginal gyrus. There was also evidence for increased
cerebellar metabolic rate in childhood-onset schizophrenia [67].

Using PET measurements of blood flow with [1*O]water, Andreasen and
her group [68] also obtained evidence for reduced functional activity in frontal
regions in neuroleptic naive patients with schizophrenia. Three separate
prefrontal regions (lateral, orbital, medial), as well as regions in inferior tem-
poral and parietal cortex, had decreased perfusion. Regions with increased
perfusion were also identified (thalamus, cerebellum, retrosplenial cingulate).

These findings are similar to data recently found by Kim et al. [69] in PET
studies of blood flow in patients with chronic schizophrenia, and support
the view that primary neural abnormalities in schizophrenia may be located
to frontal, cerebellar and thalamic regions.

Martinot and his group [70] found evidence for cinguloparietal dysfunc-
tion and altered hemispheric functional dominance during working memory
and word generation tasks in groups of patients with schizophrenia. Anter-
ior cingulate gyrus dysfunction has also been implicated in attention deficits
in schizophrenia by Carter ef al. [71] and Dolan et al. [72].

Suzuki et al. [73] used SPECT to demonstrate increased blood flow in
the left superior temporal area in hallucinating schizophrenic patients.
Several groups examined regional blood flow by PET in relation to auditory
verbal hallucinations. These authors also found alterations in brain areas
normally involved in auditory perception such as mesotemporal regions
[74, 75].

Liddle et al. [76] used PET to study the relationship between rCBF and
symptom profiles in schizophrenic patients. The study confirmed predic-
tions that psychomotor poverty and disorganization were associated with
altered perfusion at different loci in the prefrontal cortex, and reality distor-
tion with altered perfusion in the medial temporal lobe. Sabri et al. [77]
examined blood flow with PET in schizophrenic patients and presented
evidence that formal thought disorder and grandiosity correlated positively
with bifrontal and bitemporal blood flow, whereas delusions and hallucin-
ations were related to reduced flow in the cingulate, left thalamic, left
frontal and left temporal regions.

Recent SPECT studies of blood flow in schizophrenic patients and their
relatives found evidence of reduced perfusion in the left inferior prefrontal
and anterior cingulate cortex in both patients and their relatives as com-
pared to control subjects [78].
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A recent more extensive review of PET studies in schizophrenia was pub-
lished by Schultz and Andreasen [79]. The functional brain imaging studies
with PET indicate that several frontal, temporal, cingulate, thalamic and cer-
ebellar subregions exhibit altered activities in patients with schizophrenia.

Affective disorders. Ito et al. [80] examined blood flow with SPECT in groups
of patients with unipolar and bipolar depression compared with controls.
Both depressive groups showed significant reductions in blood flow in the
prefrontal cortex, limbic system and paralimbic areas.

Drevets et al. [81] used PET to examine blood flow and glucose metabol-
ism. They localized an area of abnormally decreased activity in the pre-
frontal cortex ventral to the genu of the corpus callosum in both familial
bipolar depressives and familial unipolar depressives. The decrement in
activity was at least partly explained by a reduction in cortical volume,
since MRI demonstrated reductions in the grey matter volume in the same
area in both patient samples.

Elliot et al. [82] used PET to measure blood flow in patients with unipolar
depression and controls during cognitive performance. Depressed patients
failed to show activation in the medial caudate and ventromedial orbitofrontal
cortex. Blood flow was lower, and a differential response observed in normals
under different task and feedback conditions was not seen in the patients.

In a PET study with ['°OJwater to examine blood flow during provocation
of transient sadness in depressed patients and controls, Mayberg et al. [83]
found increases in limbic and paralimbic blood flow (subgenual cingulate,
anterior insula) and decreases in neocortical regions (right dorsolateral
prefrontal, inferior parietal).

Anxiety disorders. PET studies of blood flow in patients with phobia indi-
cate that phobic fear might involve alterations of the anterior insular region,
anterior cingulate, cerebellar vermis, amygdala, thalamus and striatum
[84-86].

Studies of Transmitter Mechanisms

The possibility of using specific radioligands for neuroreceptors and trans-
porters has allowed analysis of specific components of neurochemical sig-
nalling pathways in the living brains of psychiatric patients.

Schizophrenia. Most work has been done in the dopamine field. Such stud-
ies failed to consistently demonstrate alterations of D; and D, dopamine
receptors in the basal ganglia of schizophrenic patients [87]. In some neo-
cortical regions, too, results were equivocal. Two preliminary studies indi-
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cate reduced D, dopamine receptor binding in the thalamus of patients with
schizophrenia (Farde L. and Suhara T., unpublished data).

The use of amphetamine challenge of radioligand binding to D, receptors
has allowed the indirect estimation of dopamine release in schizophrenic
patients by both SPECT and PET [64, 88]. Laruelle and Abi-Dargham [89]
recently reviewed these studies where amphetamine-induced reduction of
raclopride binding, as examined by PET, indicated elevated dopamine
release in patients with schizophrenia as compared to control subjects.

Using the radiotracer [''C]DTBZ (dihydrotetrabenazine) and PET to
examine the vesicular monoamine transporter in patients with schizophre-
nia, euthymic patients with bipolar disorder type I and age-matched con-
trols, Zubieta et al. [89] obtained interesting results: binding of the
radiotracer in the thalamus was higher in the bipolar patients than in
schizophrenic patients and in controls. Conversely, ventral brainstem bind-
ing was higher both in bipolar and in schizophrenic patients as compared to
controls. These findings may indicate both similarities and differences
regarding monoaminergic mechanisms in the thalamus and the ventral
brainstem in these disorders.

PET studies of serotonin 5HT4 receptors in patients with schizophrenia
have also been published [91]. Several groups using the radioligand ['*F]
setoperone or [''C]JNMSP (N-methylspiperone) failed to find major alter-
ations of these receptors [92-94].

Studies of benzodiazepine receptors in schizophrenia have also been
initiated. Thus, using SPECT with ['?*IJiomazenil as radiotracer, Busatto et
al. [95] found evidence for reduced benzodiazepine receptor binding in
limbic cortical regions. This effect correlated to positive symptoms. Visual-
ization and quantification of benzodiazepine receptor populations in three
dimensions in the living human brain, using PET, ["'C]flumazenil and
volume-rendering technique, was performed by Pauli et al. [96] and Pauli
and Sedvall [97].

Affective disorders. Drevets et al. [98] used PET and ['!C]WAY-100635 as
radiotracer to examine the radioligand binding potential (BP) to S5HTia
receptors. The mean BP was reduced 42% in the raphe and 27% in the
mesiotemporal cortex in depressed patients. The magnitude of these abnor-
malities was most prominent in bipolar depressives and unipolar depres-
sives with relatives with bipolar disorder. Similar results were obtained by
Sargent et al. [99].

S5HTja receptor binding was examined with PET by Biver et al. [100]
in drug-free unipolar depressed patients and healthy subjects. ['®F]altan-
serin uptake was reduced in the posterolateral orbitofrontal cortex and the
anterior insular cortex. Yatham et al. [101], using another radioligand for
5HT;, receptors, [18F]setoperone, demonstrated significantly lower 5HT;a
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receptor binding in frontal, temporal, parietal and occipital cortical regions
as compared to healthy controls. Meyer et al. [102], using the same radio-
ligand, found no significant change of 5HT,p receptors in depressed
patients.

Studies of Antipsychotic Drug Action

Studies of treated schizophrenic patients have revealed the usefulness of
radioligand studies with PET to explore pharmacokinetic aspects of neuro-
leptic drug action on monoamine receptors in the brain [59, 103]. Such
studies have demonstrated profound effects of conventional and atypical
antipsychotic drugs on radioligand binding to D, dopamine and 5HT;a
serotonin receptors in the brain. High occupancy levels of dopamine D,
receptors were obtained by conventional drugs [61, 103-105]. Clozapine
produced a significantly lower degree of D, occupancy than the conven-
tional drugs in patients treated with usual doses. Occupancy of 5HT5a
receptors was very high for clozapine and the new generation of atypical
antipsychotics. Interestingly, several of the conventional antipsychotic
drugs, such as chlorpromazine, were also found to induce a high level of
occupancy of 5HT,a receptors [91].

The PET studies of receptor occupancy by antipsychotic drugs have had
profound practical implications. These studies demonstrated the specificity
of antipsychotic drug targets in the living human brain. They also demon-
strated quantitative relationships between D, dopamine receptor occupancy
and antipsychotic as well as extrapyramidal side effects of neuroleptics
[106]. These studies have also been instrumental in giving objective argu-
ments for selection of lower antipsychotic drug doses for the treatment of
schizophrenic patients than those previously used.

CONCLUSIONS

The brain imaging methods outlined in this chapter have brought new
dimensions to research in psychiatry. The ability to examine structural,
gross functional and neurosignalling mechanisms in the living human
brain has allowed the initiation of an experimental analysis of brain-mind
interaction in individual living human subjects. In disorders previously
thought to be exclusively of a functional nature, such as schizophrenia,
subtle alterations of brain structure have been consistently demonstrated.
The functional imaging methods (fMRI, SPECT and PET) have demon-
strated a variety of perturbations of functional activation levels during
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cognitive tasks related to attention, speech, sensory and motor stimulation
in particular groups of patients with schizophrenia and affective dis-
orders.

In schizophrenia, evidence for altered structure and function in various
prefrontal, temporal, cingular, thalamic and cerebellar regions has been
collected. Radioligand studies indicate that presynaptic mechanisms for
dopamine release may be perturbed in schizophrenia. The demonstration
of such changes is of interest in relation to the antipsychotic actions of
dopamine D, receptor antagonists.

In affective disorders, functional changes were observed in medial
frontal, orbitofrontal and cingulate cortex and the amygdala. Clear evidence
for reduced densities of serotonin 5HT14 receptors has also been obtained
in untreated depressed patients. These changes are of interest in relation
to the mechanism for the antidepressant action of serotonin reuptake
inhibitors.

The further use of these methods can be expected to dramatically alter
and develop our conception of the biological substrates behind psycho-
logical phenomena produced by the human brain. This knowledge, when
used in further systematic studies on all the different diagnostic categor-
ies of psychiatric disorders, will be a most fruitful dimension of clinical
psychiatric research in the decades to come. The divergent results
obtained so far with the functional imaging methods are in all probability
partly related to heterogeneity of patient populations, experimental
methods and paradigms. Experimental patient groups have generally
been too small to reflect this heterogeneity. The fact that psychiatric
symptoms and disorders are related to highly complex signalling neur-
onal networks within gross regions and between a large number of
regions complicates the experimental and statistical analysis required to
reveal significant signals and correlation patterns. For each imaging mo-
dality hundreds rather than tens of patients have to be examined in
relation to a specific clinical question. Further research in the area has
to take all this into account by standardizing experimental research para-
digms between research groups and also by combining databases of
results obtained in patient groups.
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INTRODUCTION

The concept that neural tissue is capable of synthesizing and secreting hor-
mones is now well established, but when first introduced in the 1950s it was
remarkably controversial. This led to the establishment of the entire discip-
line of neuroendocrinology. The occurrence of prominent psychiatric symp-
toms associated with primary endocrine disorders including Cushing’s
disease and primary hypothyroidism provided a rationale for exploring the
connection between hormones and both affective and cognitive function.
Bleuler was among the earliest researchers to systematically investigate the
association between hormones, mood and behaviour. He first demonstrated
that patients with primary endocrine disorders have higher than expected
psychiatric comorbidity, which often resolved after correcting the primary
hormonal abnormality. Work over the past 25 years has clearly demonstrated
that endocrine gland secretion is tightly regulated by the central nervous
system (CNS) and, further, that neurons are directly influenced by hormones.
As noted above, the concept that neurons are capable of synthesizing
and releasing hormones sparked a controversy in endocrinology and neuro-
science; namely, is it possible that certain neurons subserve endocrine
functions? Two major findings fuelled this debate. First, neurohistologists
working with mammalian as well as lower vertebrate and invertebrate
species made several key observations. Led by a husband and wife team,
the Scharrers, early researchers documented, by both light and electron
microscopy, the presence of neurons that had all the characteristics of previ-
ously studied endocrine cells. These neurons stained positive with the
Gomori’s stain, which was believed to be specific to endocrine tissues, and

Psychiatry as a Neuroscience. Edited by Juan José Lépez-Ibor, Wolfgang Gaebel, Mario Maj and Norman
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furthermore they contained granules or vesicles containing known endocrine
substances. The second key area of research centred around the brain’s control
of the secretion of pituitary trophic hormones. These trophic hormones had
long been known to control the secretion of peripheral target endocrine
hormones, e.g. thyroid hormone, gonadal steroids, adrenal steroids, etc.
These interactions were particularly compelling because of the earlier identi-
fication of an extremely important neuroendocrine system, namely the mag-
nocellular cells of the paraventricular nucleus (PVN) of the hypothalamus,
which synthesizes arginine-vasopressin (AVP) and oxytocin. These two non-
apeptides were shown to be transported from PVN cell bodies down the axon
to nerve terminals located in the posterior pituitary (neurohypophysis), and
released in response to appropriate physiologic stimuli. AVP, also known as
antidiuretic hormone, is a critical regulator of fluid balance, and oxytocin
regulates the milk-letdown reflex during breast-feeding.

The ability of neurons to function as true endocrine tissues has now been
clearly established. Neural tissue can both synthesize and release substances
known as (neuro)hormones that are released directly into the circulatory
system and have effects at sites far removed from the brain. One important
example noted above is the action of AVP on the kidney. Although early in
the development of the emerging discipline of neuroendocrinology it
seemed important to document the ability of neurons to function as neu-
roendocrine cells, particularly those in the CNS, classification of specific
chemical messengers as endocrine versus neuronal versus neuroendocrine
soon lost its heuristic value. It is now recognized that the same substance can
act as a neurotransmitter and a hormone depending on its location within
the CNS and periphery. A good example of this is epinephrine (adrenaline),
which functions as a classical hormone in the adrenal medulla but as a
conventional neurotransmitter in the mammalian CNS. Similarly, it has
been demonstrated that corticotropin-releasing factor (CRF) functions as a
true peptide hormone in its role as a hypothalamic hypophysiotropic factor
in promoting the release of adrenocorticotropin (ACTH) from the anterior
pituitary, yet also functions as a “‘conventional”” neurotransmitter in cortical
and limbic areas. Thus the field now seeks to elucidate the role of particular
chemical messengers in particular brain regions or endocrine axes.

The traditional endocrine and hormonal functions of several peptides
discussed above have been well established, but many of these substances
may possess paracrine roles as well, i.e. secretion of these substances from
one cell acts upon proximal cells. These paracrine interactions remain
largely unexplored. The importance of these paracrine effects has been
well demonstrated in the gastrointestinal tract, where several peptides
that act as hormones or neurotransmitter substances at other sites, including
the CNS, have influences on local cellular function. Examples include vaso-
active intestinal peptide, cholecystokinin and somatostatin.
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Thus, neuroendocrinology comprises the study of the endocrine role of
neuronal or glial cells as well as the neural regulation of endocrine secretion,
with the latter focusing on the biology of the various hypothalamic—pituit-
ary—end organ axes and the major neurohypophyseal hormones, vasopres-
sin and oxytocin. Unravelling the intricate and elegant feedback systems of
peripherally secreted hormones at pituitary, hypothalamic and other CNS
sites is an integral part of this discipline. The role of the hypophysiotropic
factors contained in the hypothalamus at extrahypothalamic sites is also of
great interest.

OVERVIEW OF COMPONENTS AND CONTROL
MECHANISMS

The hypothalamic-pituitary—end organ axes generally are organized in a
hierarchical fashion (Figure 4.1). A large percentage of the neuroendocrine
abnormalities in patients with psychiatric disorders are related to disturb-
ances of target hormone feedback. A generic description is briefly outlined
here. More comprehensive reviews on this topic are available [1]. In general,
the hypothalamus contains neurons that synthesize and release factors that
either promote or inhibit the release of anterior pituitary hormones, so-
called release or release-inhibiting factors. These peptide hormones, as
summarized in Table 4.1, are synthesized by transcription of the DNA
sequence for the peptide prohormone. After translation in the endoplasmic
reticulum, these prohormones are processed during axonal transport and
packaged into vesicles destined for the nerve terminals. These now biologic-
ally active peptides are then released following appropriate physiologi-
cal stimuli from the median eminence, the most ventral portion of the
hypothalamus, and secreted into the primary plexus of the hypothalamo-
hypophyseal portal vessels (Figure 4.2). These peptides are transported in
high concentration to the sinusoids of the anterior pituitary (adenohypo-
physis), where they bind to specific membrane receptors on their targets, the
pituitary trophic hormone-producing cells. Activation of these receptors
promotes or inhibits the release of pituitary trophic hormones into the
systemic circulation. The increase or decrease in the plasma concentrations
of these pituitary trophic hormones produces a corresponding increase or
decrease in their respective end-organ hormone secretion. The hormones of
the end-organ axes, such as gonadal and adrenal steroids, feed back on both
pituitary and hypothalamic cells to prevent further release, often referred to
as “long-loop” negative feedback. Short-loop negative feedback circuits
have also been identified in which pituitary hormones directly feed back
on hypothalamic neurons to prevent further release of hypothalamic releas-
ing factors.
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FicurE 4.1 Overview of the common organizational motif of the neuroendocrine
axis. The neurosecretion of hypothalamic factors into hypophyseal portal vessels is
regulated by a set point of activity from higher brain centres. Neurohormones
released from the hypothalamus into hypophyseal portal vessels in turn stimulate
cells in the pituitary. These adenohypophyseal hormones then regulate the hormone
output from the end organ. The end organ then exerts negative feedback effects at
the pituitary and hypothalamus to prevent further neurohormone and pituitary
hormone release via “long-loop” negative feedback. Short-loop negative feedback
may also occur where pituitary hormones feed back directly on hypothalamic
neurons to prevent further neurohormone release

TABLE 4.1 List of major releasing factors and their hormonal target

Neurohormone/releasing factor

Hormone stimulated

Corticotropin-releasing factor (CRF)
Thyrotropin-releasing hormone (TRH)

Gonadotropin-releasing hormone
(GnRH)

Somatostatin (SRIF)

Growth hormone-releasing hormone
(GHRH)

Arginine vasopressin (AVP)
Oxytocin

Adrenocorticotropic hormone (ACTH)
Thyroid-stimulating hormone (TSH)
Follicle-stimulating hormone (FSH)

Growth hormone (GH)
GH

ACTH, prolactin
Prolactin

Disturbances in the feedback regulation of the hypothalamic—pituitary—
end organ axes are of considerable interest in psychiatry. The common
occurrence of psychiatric symptoms in many primary endocrine disorders,
such as hypothyroidism and Cushing’s syndrome, served as an impetus for
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FiGURE 4.2 Diagram of the neurovascular anatomy of the hypothalamic—pituitary
axis. PVN, paraventricular nucleus; SON, supraoptic nucleus; POA, preoptic area;
ARG, arcuate nucleus; PT, pars tuberalis; PI, pars intermedia; PD, pars distalis; PN,
pars nervosa; MB, mamillary body; OC, optic chiasm

investigation into the regulation of neuroendocrine systems in psychiatric
disease states such as depression, schizophrenia and bipolar disorder. Thus,
alarge part of psychoneuroendocrinology has focused on identifying changes
in basal levels of pituitary and end-organ hormones in patients with psychi-
atric disorders. For many of the axes discussed below, tests have been
developed to assess the functional status of these feedback systems. In these
so-called stimulation tests, hypothalamic and/or pituitary-derived factors or
their synthetic analogues are exogenously administered, and the hormonal
response to this ““challenge” is assessed. For example, in the standard CRF
stimulation test, a 1 pg/kg dose of CRF is administered intravenously, and
the ACTH and cortisol response is measured over a period of two or three
hours. This testis a very sensitive measure of hypothalamic—pituitary—-adrenal
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(HPA) axis activity, and changes in the magnitude and/or duration of the
response relative to normal control values are characteristic of one or another
type of dysregulation of the HPA axis.

Such studies, as outlined above, provide valuable information, but a
brief discussion of some inherent limitations is warranted before a detailed re-
view of the literature is presented. Normal circadian rhythms and the pulsatile
release of many of the components of the hypothalamic—pituitary—end organ
axesare often not taken into account when these stimulation tests are designed.
Further, differences in assay sensitivity, gender differences, inclusion criteria
for patients used in studies, and the severity of symptoms in the target patient
population can potentially generate confounding or at least quite variable
results. Nevertheless, a great deal about the neurobiology of psychiatric dis-
orders has been discovered through such experiments. Although less com-
monly used today, an often-utilized strategy in the 1970s and 1980s was based
ontheperceptionthattheneuroendocrineaxesservedasa’“window” into CNS
function. Peripheral neuroendocrine markers were often used to indirectly
assess CNS function because the brain was relatively inaccessible to study,
with the exception of cerebrospinal fluid (CSF) and post-mortem studies. With
the emergence of the monoamine theories of mood disorders and schizophre-
nia, many investigators attempted to draw conclusions about the activity of
noradrenergic, serotonergic and dopaminergic circuits in patients with vari-
ous psychiatric disorders by measuring the basal and stimulated secretion of
pituitary and end-organ hormones in plasma. Although these approaches
haveseverelimitations, they have been useful in elucidating the pathophysiol-
ogy of mood and anxiety disorders, and to a lesser extent, schizophrenia.

In summary, neuroendocrinology broadly encompasses the following:

e The neural regulation of the secretion of peripheral, target-organ hor-
mones, pituitary trophic hormones, and hypothalamic-hypophysiotro-
pic hormones.

e The effects of each of the hormones that comprise the various endocrine
axes on the CNS. This includes, for example, the effects of synthetic
glucocorticoids on memory processes.

e The study of alterations in the activity of the various endocrine axes in
major psychiatric disorders, and, conversely, the behavioural conse-
quences of endocrinopathies.

HYPOTHALAMIC-PITUITARY-THYROID AXIS
Components and Function

The thyroid gland, composed of two central lobes connected by an isthmus,
synthesizes the hormones thyroxine (T4) and triiodothyronine (T3). These



NEUROENDOCRINOLOGICAL RESEARCH 97

iodine-containing compounds serve as global regulators of the body’s
metabolic rate, and are also critical for brain development. The release and
synthesis of these hormones is ultimately controlled by signals from the
CNS.

The hypothalamic-pituitary—-thyroid (HPT) axis is composed of three
main parts, as its name suggests. The tripeptide (pGlu-His-Pro-NH) thyr-
otropin-releasing hormone (TRH) is synthesized predominantly in the PVN
of the hypothalamus and stored in nerve terminals in the median eminence,
where it is released into the vessels of the hypothalamo-hypophyseal portal
system (Figure 4.3). TRH is then transported to the sinusoids in the anterior
pituitary, where it binds to thyrotropes and releases the peptide thyroid-
stimulating hormone (TSH) into the systemic circulation. TRH is heteroge-
neously distributed in the brain, which strongly suggests a role for this
peptide as a neurotransmitter as well as a releasing hormone. Thus TRH
itself can produce direct effects on the CNS independent of its actions on
pituitary thyrotrophs. The HPT axis exhibits an ultradian rhythm, where
TSH secretion, and consequently T3 and T, levels, rise in the afternoon
and evening, peak sometime after midnight and decline throughout the
day [2].

HYPOTHALAMUS ©

TRH
|
PITUITARY

TSH
|
THYROID

T4;T3

FiGURE 4.3 Overview of the feedback system of the hypothalamic—pituitary—thyr-
oid (HPT) axis. Thyroid-releasing hormone (TRH) from the hypothalamus stimu-
lates thyroid stimulating hormone (TSH) from the pituitary, which stimulates
thyroid hormone release. As circulating thyroid hormone levels increase, they inhibit
further release of TSH and TRH. Other hypothalamic-pituitary—end organ axes
exhibit similar feedback control mechanisms
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TSH is a 28-kDA glycoprotein composed of two non-covalently linked
protein chains, TSH-a and TSH-. The o subunit is identical to the o subunit
contained in other pituitary hormones, including follicle-stimulating hor-
mone, luteinizing hormone and human chorionic gonadotropin. Upon re-
lease from the pituitary, TSH circulates through the blood and exerts its
effects via binding to the TSH receptor in the thyroid, a G-protein-coupled
receptor that stimulates the activation of adenylate cyclase.

Upon stimulation by TSH, the thyroid gland releases the iodinated amino
acids T3 and T4. Of the two hormones, T3 is much more physiologically
active. Although debate still exists in the literature, T, is often considered a
prohormone that becomes active after monodeiodination in peripheral
tissues. T3 directly promotes gene expression through binding to thyroid res-
ponse elements (TREs) located in the promoter regions of a diverse number
of genes. T3 also directly regulates the HPT axis by inhibiting TSH release
and gene expression in the pituitary, and TRH gene expression in the
hypothalamus [3]. This is characteristic of the end-product negative feed-
back seen in the hypothalamic—pituitary—end organ axes. In the circulation,
these hormones are primarily bound to a carrier-protein, thyroglobulin,
though it is the unbound form of these hormones that is metabolically
active. Thyroid hormones have numerous effects on metabolism and in-
crease heat production, oxygen consumption, lipid metabolism, intestinal
absorption of carbohydrates, cardiac function and in regulating the activity
of the Na® —K* ATPase. All of these functions are consistent with increasing
metabolic rate.

Disorders of the HPT Axis

Disorders of the HPT axis lead to numerous psychiatric manifestations,
ranging from mild depression to overt psychosis. Numerous conditions
can lead to hypothyroid states, also known as myxoedema, including CNS
causes of decreased TSH or TRH secretion, severe iodine deficiency, thyroid
surgery, drugs, or autoimmune disorders. The most common cause of
hypothyroidism is Hashimoto’s thyroiditis, which is due to autoimmune
destruction of thyroid tissue. Regardless of the aetiology, hypothyroidism
leads to a number of clinical manifestations, including slowed mentation,
forgetfulness, decreased hearing, cold intolerance and ataxia. Decreased
energy, weight gain, depression, cognitive impairment or overt psychosis
(“myxoedema madness’’) may also result. Due to the overlap of symptoms
with clinical depression, thyroid hormone deficiency must be ruled out in
the evaluation of patients with depression.

Hypothyroidism is frequently subclassified into the following four
groups:
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e Grade 1 hypothyroidism is classic primary hypothyroidism, with in-
creased TSH, decreased peripheral thyroid hormone (T3 and T4) concen-
trations, and an increased TSH response to TRH.

e Grade 2 hypothyroidism is characterized by normal, basal thyroid hor-
mone concentrations, but an increase in basal TSH concentrations and an
exaggerated TSH response to TRH.

e Grade 3 hypothyroidism can only be detected by a TRH stimulation test;
basal thyroid hormone and TSH concentrations are normal, but the TSH
response to TRH is exaggerated.

e Grade 4 hypothyroidism is defined as normal findings on the three
thyroid axis function tests noted above, but the patients have the abnor-
mal presence of antithyroid antibodies.

Without treatment, most patients will progress from grade 4 to grade
1 hypothyroidism.

The first treatments for hypothyroidism became available in the 1890s;
before that, many patients with this condition spent their final days in
mental hospitals. One of the earliest descriptions of the effects of treatment
with thyroid extracts was reported by Shaw and Stansfield in 1892. These
physicians studied the effects of thyroid extracts given to a patient suffering
from severe thyroid deficiency secondary to trauma to her thyroid gland.
Within 10 weeks following treatment with a sheep thyroid extract, the
mental signs associated with myxoedema disappeared and the patient
was discharged [4]. Stansfield followed this patient’s progress for several
months, and five months after the last injection of thyroid extract, symptoms
of hypothyroidism began to recur. Following ingestion of additional thyroid
extracts, the symptoms were once again ameliorated. These results clearly
demonstrated the profound psychiatric effects of thyroid deficiency, and
provided an early demonstration that treatment of primary endocrine ab-
normalities can resolve the psychiatric manifestations of the disease [3].

The first prospective study that scrutinized psychiatric comorbidity in
patients with hypothyroidism was carried out by Whybrow et al. [5]. In this
seminal study, five of the seven patients manifested symptoms of depres-
sion at the time of the evaluation, while six of the seven displayed cognitive
impairment. Interestingly, in all four of the patients with depression who
were followed, thyroid replacement alone ameliorated the symptoms of
depression. In a later study, Jain [6] studied 30 hypothyroid patients; in
this study, 13 of 30 (43%) of the patients had a clinical depression, 10 (30%)
had symptoms of anxiety, and 8 (27%) were confused. These symptoms were
improved or resolved following treatment of the thyroid condition alone.
These early studies clearly demonstrated that hypothyroid states have
pronounced psychiatric manifestations, predominantly depression and de-
mentia, which can be reversed following thyroid hormone replacement.
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Later studies have demonstrated varying degrees of cognitive disturbance
in up to 48% of psychiatrically ill hypothyroid cases, and approximately
50% of unselected hypothyroid patients have symptoms characteristic of
depression [7]. Anxiety symptoms are also common, occurring in up to 30%
of unselected patients. Mania and hypomanic states have been rarely
reported in hypothyroid patients. Finally, although psychosis is the most
common reported symptom in the case literature on hypothyroidism
(52.9%), it accounts for only approximately 5% of the psychiatric morbidity
in an unselected sample [7], presumably due to reporting bias.

HPT Axis Dysfunction in Patients with Primary Psychiatric
Disorders

Excluding patients with primary endocrine disorders, a considerable
amount of data has revealed an elevated rate of HPT axis dysfunction,
predominantly hypothyroidism, in patients with major depression. More
than 25 years ago, research groups led by Prange and Kastin demonstrated
that approximately 25% of patients with major depression exhibit a blunted
TSH response to TRH [8, 9]. Presumably this is due to hypersecretion of
TRH from the median eminence, which leads to TRH receptor down-regu-
lation in the anterior pituitary resulting in reduced sensitivity of the pituit-
ary to exogenous TRH. This hypothesis seems plausible in the light of
evidence showing elevated TRH concentrations in the CSF of drug-free
depressed patients [10]. Depressed patients have also been shown to have
an increased occurrence of symptomless autoimmune thyroiditis (SAT),
defined by the abnormal presence of antithyroglobulin and/or antimicro-
somal thyroid antibodies consistent with grade 4 hypothyroidism [11].
Recently, Duval et al. [12] performed a standard TSH stimulation test at
both 8 am. and 11 p.m. in a depressed patient population and normal
controls. The difference between the ATSH at 11 p.m. and the ATSH at the
8 a.m. timepoint was defined as AATSH. These researchers demonstrated
that depressed patients had a much lower AATSH than controls. Normal
HPT axis function returned following remission from depression, but pa-
tients who did not respond to antidepressant medications continued to
show blunted AATSH. This suggests that treatment with antidepressants
per se is not responsible for the improvement in HPT axis function. Further,
patients with the lowest pretreatment evening thyrotropin secretion also
had the lowest rate of antidepressant response. This new methodology may
serve as a more sensitive method to detect changes in HPT axis function.
Interestingly, Post’s group measured both cerebral blood flow and cerebral
glucose metabolism using positron emission tomography (PET) in both clin-
ically depressed and bipolar patients. Both measures of cerebral activity were
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inversely correlated with serum TSH levels, and the authors suggested that
HPT axis function contributes to primary and secondary mood disorders
[13]. The current literature has also clearly demonstrated elevated TRH
release in some depressed patients, but whether this is a causative factor in
depression remains unknown. This same group proposed that elevated TRH
levels might instead be a compensatory response to depression. In fact, they
reported that a lumbar intrathecal infusion of 500 p.g of TRH into medication-
free inpatients with depression produced a clinically robust, but short-lived,
improvement in mood and suicidality [14]. Although this work is prelimin-
ary, it does suggest that the development of a systemically administered TRH
receptor agonist may represent a novel class of antidepressant agents.

HPT axis abnormalities have also been reported in bipolar disorders. Both
elevated basal plasma concentrations of TSH and an exaggerated TSH
response to TRH have been demonstrated [15, 16]. There is also evidence
that bipolar patients with the rapid cycling subtype have a higher preva-
lence of hypothyroidism (grades 1, 2 and 3) than bipolar patients without
rapid cycling [17, 18]. A blunted or absent evening surge of plasma TSH, a
blunted TSH response to TRH [19, 20], and the presence of antithyroid
microsomal and/or antithyroglobulin antibodies [21, 22] have also been
demonstrated in bipolar patients.

Treatment of Hypothyroid States

As noted above, thyroid hormone extracts from sheep or cattle were the first
treatments used that demonstrated efficacy in ameliorating the signs and
symptoms of hypothyroidism. Several synthetic derivatives were intro-
duced in the 1960s which quickly replaced desiccated thyroid tissue for
the treatment of patients with thyroid disease. Among these are levothyr-
oxine (Levoxyl, Levothroid, Synthroid), synthetic forms of thyroxine (T4)
and liothyronine (Cytomel), and the synthetic levorotatory isomer of triio-
dothyronine (T3). Moreover, in part due to the seminal work carried out by
Prange and collaborators in the United States in the 1960s, the use of thyroid
hormones in augmenting antidepressant response in depression was estab-
lished.

Hyperthyroid States

Although a number of conditions, including pituitary adenomas, can lead to
hyperthyroid states, the most common non-iatrogenic cause of thyroid
hormone excess is Graves’ disease. In Graves’ disease, the body generates
an autoantibody to the TSH receptor which directly stimulates thyroid
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follicular cells to secrete excessive amounts of T3 and Ty. In this state, the
normal negative feedback exerted by T3 and T4 on TRH and TSH release
is disrupted. The clinical manifestations of thyroid hormone excess are
exaggerations of the normal physiologic effects of T3 and Tjy; they include
diaphoresis, heat intolerance, fatigue, dyspnoea, palpitations, weakness
(especially in proximal muscles), weight loss despite an increased appetite,
hyperdefecation, increased psychomotor activity, and visual complaints.
Psychiatric manifestations are also common and include anxiety (13% of
unselected cases), depression (28% of patients) and cognitive changes (ap-
proximately 7% of patients). Psychotic manifestations and mania are less
common, occurring in only 2% of unselected cases. Overall, psychiatric
comorbidity is much less common in hyperthyroid states than it is in
hypothyroid states [7].

Conclusions

Overall, there is clear evidence linking psychiatric symptomatology and
thyroid disorders which extends back over 100 years. The observation that
hypothyroid patients exhibit symptoms reminiscent of major depression led
to a search for thyroid axis abnormalities in patients with affective illness.
The efficacy of thyroid augmentation in the treatment of depression and
other affective disorders provides further evidence linking HPT axis func-
tion and psychiatric illness [23, 24]. Although work over the past 40 years
has demonstrated a number of HPT axis abnormalities in depressed and
bipolar patients, the aetiological connection between these findings remains
elusive.

HYPOTHALAMIC-PITUITARY-ADRENAL AXIS
Components and Function

The primary regulator of the hypothalamic—pituitary—adrenal (HPA) axis is
CRF, a 4l-amino-acid-containing peptide synthesized in parvocellular
neurons located primarily in the PVN of the hypothalamus. CRF-containing
cells in the PVN receive input from a variety of brain nuclei, including the
amygdala, bed nucleus of the stria terminalis, and other brainstem nuclei
[25]. These CRF-containing neurons in turn project to nerve terminals in the
median eminence [26], and CRF is released into the hypophyseal-portal
system, where it activates CRF receptors on corticotrophs in the anterior
pituitary to promote the synthesis of pro-opiomelanocortin (POMC) and the
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INHIBITORY
SIGNAL

PHYSIOLOGICAL CHANGES
SUPPORTING
*FIGHT OR FLIGHT" RESPONSES

FIGURE 44 Overview of the feedback mechanisms of the hypothalamic-pituitary—
adrenal axis. Following relevant stimuli, including stress, corticotropin-releasing
factor (CRF) is released from the hypothalamus into hypophyseal portal vessels,
where it is transported in high concentrations to the pituitary gland. CRF then
promotes the release of adrenocorticotropin (ACTH), which in turn promotes the
release of cortisol from the adrenal glands. Cortisol acts as an inhibitory signal at
both the hypothalamus and pituitary, preventing further CRF and ACTH release,
respectively. Mounting evidence suggests that chronic overactivity of the axis, and
particularly overproduction of CRF, may contribute to the pathophysiology of
depression. Reproduced from [82] with permission
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release of its post-translational products: ACTH, B-endorphin and others
(Figure 4.4). AVP can also promote the release of ACTH from the anterior
pituitary, though CRF is necessary for AVP to exert this effect. ACTH
released from the anterior pituitary in turn stimulates the production and
release of cortisol, the primary glucocorticoid in humans, from the adrenal
cortex (Figure 4.4).

The concentration of circulating glucocorticoids is modulated via long-
loop negative feedback. An increase in circulating glucocorticoids inhibits
hypothalamic CRF gene expression and ACTH secretion from the pituitary.
This in turn prevents further glucocorticoid release. The HPA axis also
exhibits a circadian rhythmicity in humans, whereby serum cortisol
levels peak immediately before awakening and reach their nadir in the
evening.

Discovery of CRF

Although Saffron and Schally identified a crude extract which promoted the
release of ACTH from the pituitary in 1955 [27], it was not until 1981 that CRF
was isolated and chemically characterized. Working with extracts derived
from 500 000 sheep hypothalami, Vale et al. [28] at the Salk institute isolated,
synthesized and elucidated the structure of CRF. This discovery led to the
availability of synthetic CRF, which allowed a comprehensive assessment of
the HPA axis to proceed. It is now clear that CRF coordinates the endocrine,
immune, autonomic and behavioural responses of mammals to stress.

Two CRF receptor subtypes, CRF; and CRF,, with distinct anatomical
localization and receptor pharmacology, have been identified [29-33]. Both
are G-protein-coupled receptors and are positively coupled to adenylyl
cyclase via G,. CRF; is the predominant receptor in the pituitary, cerebellum
and neocortex in the rat [34]. A growing body of evidence from animal
studies has shown that the CRF; receptor may specifically mediate some of
the anxiogenic-like behaviours observed after administration of CRF [35].
The CREF, receptor family is composed of two primary splice variants,
CRF;p and CRFpp. The CRF,5 receptor is more prevalent in subcortical
regions, such as the ventromedial hypothalamus, lateral septum and dorsal
raphe nucleus, whereas CRF;p is more abundantly expressed in the periph-
ery. A structurally related member of the CRF peptide family, urocortin, has
also been identified in the mammalian brain. The endogenous neuropeptide
urocortin has equally high affinity for both the CRF; and CRF, receptor
subtypes [36], whereas CRF displays a higher affinity at CRF; receptors than
it does at CRF, receptors. This fact, along with the distribution of urocortin
and CRF, receptors, suggests that urocortin is the preferred endogenous
ligand at CRF, receptors.
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The Effects of Changes in Glucocorticoid Availability

A deficiency of endogenous glucocorticoids produces overt clinical symp-
toms, including weakness, fatigue, hypoglycemia, hyponatremia, hyperka-
lemia, fever, diarrhoea, nausea and shock. This condition, also known as
Addison’s disease, is most often caused by autoimmune destruction of the
adrenal cortex. However, it is important to note that abrupt withdrawal from
exogenous corticosteroids or ACTH can also induce an Addisonian crisis,
because the exogenous administration of these compounds suppresses en-
dogenous HPA axis activity. This is why tapering of the dose of adrenal
steroids is essential before discontinuation. Glucocorticoid deficiency may
also produce mild to severe depression or, less commonly, psychosis.

Excessive glucocorticoid secretion leads to a number of characteristic
symptoms, including moon facies, plethoric appearance, truncal obesity,
purple abdominal striae, hypertension, protein depletion and signs of glu-
cose intolerance or overt diabetes mellitus. Psychiatric symptoms, specific-
ally depression and anxiety, are also associated with glucocorticoid excess.
Cognitive impairment, especially decrements in memory function and at-
tention, are also common, and may be due to the direct effects of cortico-
steroids on the hippocampal formation [37].

The most common form of non-iatrogenic hypercortisolism is due to an
ACTH-secreting pituitary adenoma, also known as Cushing’s disease.
Harvey Cushing, from whom the disease is named, first documented the
occurrence of psychiatric symptoms, particularly depression, in his descrip-
tion of the illness in 1913. Hypercortisolism from other causes is often
referred to as Cushing’s syndrome. Since Cushing’s initial description, the
occurrence of depression in Cushing’s syndrome has been well documented
[38, 39].

HPA Axis Abnormalities in Depression

The occurrence of depression and other psychiatric symptoms in both
Cushing’s and Addison’s disease served as an impetus for researchers to
scrutinize HPA axis abnormalities in depression and other psychiatric dis-
orders. Most investigators would agree that one of the most venerable
findings in all of psychiatry is the hyperactivity of the HPA axis observed
in a significant subset of patients with major depression. Based on the work
of research groups led by Board, Bunney and Hamburg, as well as by
Carroll, Sachar, Stokes and Besser, literally thousands of studies have been
conducted in this area.

The earliest studies in this field demonstrated elevated plasma cortisol con-
centrations in depressed patients [40, 41]. Other markers of hypercortisolism
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that have been reliably demonstrated in depressed patients include elevated
24-hour urinary free cortisol concentrations and increased levels of cortisol
metabolites in urine [42]. One commonly used test to measure HPA axis
function is the dexamethasone suppression test (DST). In this test, 1mg
dexamethasone is given at 11 p.m., blood is then drawn at 8 a.m. the
following morning and cortisol levels measured. Dexamethasone is a syn-
thetic steroid similar to cortisol and suppresses ACTH secretion, and subse-
quently cortisol release, in healthy volunteers. Non-suppression of plasma
glucocorticoid levels following the administration of dexamethasone is
common in depression. The rate of cortisol non-suppression after dexa-
methasone administration generally correlates with the severity of depres-
sion [43]; in fact, nearly all patients with major depression with psychotic
features exhibit non-suppression in the DST [44, 45]. Since Carroll’s initial
report [46, 47] and subsequent claims for diagnostic utility [48], the DST has
generated considerable controversy [49] as to its diagnostic utility. Diagnostic
issues notwithstanding, the overwhelming conclusion from the myriad of
studies demonstrates that a sizeable percentage of depressed patients exhibit
HPA axis abnormalities.

Another method used to assess HPA axis activity is the CRF stimulation
test, which became available shortly after CRF was synthesized. In this
paradigm, CRF is administered intravenously (usually a 1ug/kg dose),
and the ensuing ACTH and cortisol response is measured at 30-minute
intervals over a two- to three-hour period [50]. Numerous studies have
now demonstrated a blunted ACTH and B-endorphin response to exogen-
ously administered ovine CRF (0CRF) or human CRF (hCRF) in depressed
patients compared to non-depressed subjects, though the cortisol response
in depressed patients and non-depressed control subjects did not differ
consistently [51-55]. The attenuated ACTH response to CRF is presumably
due to either chronic hypersecretion of CRF from nerve terminals in the
median eminence, which results in down-regulation of CRF receptors in
the anterior pituitary, and/or to the chronic hypercortisolemia. This recep-
tor down-regulation results in a reduced responsivity of the anterior pituit-
ary to CRF, as has been demonstrated in laboratory animals [56-60].
Following recovery from depression, the documented disturbances in the
HPA axis generally remit.

A combined dexamethasone/CRF test has also been developed. In this
test, 1.5mg dexamethasone is administered orally at night (11 p.m.) and
subjects receive an intravenous bolus of 100 wg hCRF at 3 p.m. the following
day. Patients with HPA axis dysfunction display a paradoxically increased
release of ACTH and cortisol relative to controls. These abnormalities,
which are frequently encountered in depressed patients, disappear
following remission of depressive symptoms, and normalization of HPA
axis function seems to precede full clinical remission [61, 62]. The combined
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test appears to have much higher sensitivity for detecting subtle alterations
in HPA axis function: approximately 80% of patients with major depression
produce an abnormal response, whereas only about 44% of patients with
major depression have an abnormal response when the DST is administered
alone [61, 62]. Furthermore, otherwise healthy individuals with first-degree
relatives suffering from an affective illness demonstrated cortisol and ACTH
responses to the combined test which were higher than those in a control
group, but less than those in patients currently suffering from major depres-
sion. This suggests that a genetically transmissible defect in corticosteroid
receptor function may render these individuals more susceptible to de-
veloping affective disorders [63].

Structural changes in the components of the HPA axis have also been
documented in depressed patients. Perhaps in part due to the trophic effects
of CRF, pituitary gland enlargement has been documented in depressed
patients as measured by magnetic resonance imaging (MRI) [64]. Enlarge-
ment of the adrenal glands, presumably due to ACTH hypersecretion, has
repeatedly been demonstrated both in depressed patients post mortem [65,
66] and in suicide victims [67]. It is reasonable to hypothesize that the
normal plasma cortisol response to CRF seen in depressed patients is due
to adrenocortical hypertrophy, in light of the blunted ACTH and B-endor-
phin responses to CRF seen in these same patients [52, 54, 65, 68, 69].
Presumably, although the ACTH response to CRF is decreased in depressed
patients, the enlarged adrenal cortex may secrete relatively greater quan-
tities of cortisol compared to control subjects in response to a given amount
of ACTH. There are reports of increased cortisol responses to pharmaco-
logical doses of ACTH that support this hypothesis [70-74], though discord-
ant findings have also been reported [75].

The studies thus far discussed focused primarily on dysregulations of the
HPA axis, but, as mentioned earlier, CRF controls not only the neuroendo-
crine, but also the autonomic, immune, and behavioural responses to stress in
mammals. Moreover, results from clinical studies and a rich body of litera-
ture on research conducted primarily in rodents and lower primates have
both indicated the importance of CRF at extrahypothalamic sites. In rodents,
primates and humans, CRF and its receptors have been heterogeneously
localized in a variety of regions, including the amygdala, thalamus, hippo-
campus and prefrontal cortex, among others [76-79]. These brain regions are
important in regulating many aspects of the mammalian stress response, and
in regulating affect. The presence of CRF receptors in both the dorsal raphe
(DR) and locus coeruleus (LC), the major serotonergic- and noradrenergic-
containing regions in the brain, respectively, also deserves comment. Because
most available antidepressants, including tricyclics and selective serotonin
reuptake inhibitors, are believed to work via modulation of noradrenergic
and/or serotonergic systems, the neuroanatomical proximity of CRF and
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monoaminergic systems suggests a possible site of interaction between CRF
systems and antidepressants.

Involvement of extrahypothalamic CRF systems in the pathophysiology
of depression is suggested by numerous studies showing elevated CRF
concentration in the CSF of patients suffering from depression [10, 80-83],
though discrepant results have been reported [84]. Elevated CSF levels of
CRF have also been detected in depressed people who committed suicide
[80]. A reduction in concentrations of CRF in CSF has been reported in
healthy volunteers treated with the tricyclic antidepressant desipramine
[85], providing further evidence of a possible interconnection between anti-
depressants, noradrenergic neurons and CRF systems. Similar effects have
been reported with fluoxetine and electroconvulsive therapy in depressed
patients [86].

Depressed patients who are non-suppressors in the DST also have signifi-
cantly higher CSF levels of CRF than do depressed patients with normal
DST results. Presumably the elevated CSF concentrations of CRF are due to
hypersecretion of CRF in the CNS [87]; the CRF may be acting at sites
throughout the brain and contribute to many of the behaviours characteris-
tic of depression. A reduction in the density of CRF receptors in the frontal
cortex has also been reported in the frontal cortex of suicide victims [88].
Presumably hypersecretion of CRF results in a down-regulation of CRF
receptors in the frontal cortex.

While the exact mechanism that lies behind CRF hyperactivity remains
obscure, studies from our group and others have documented long-term
persistent increases in HPA axis activity and extrahypothalamic CRF neur-
onal activity after exposure to early untoward life events—for example,
neglect and child abuse respectively in both laboratory animals (rat and
non-human primates) and patients [63, 89-91]. Early life stress apparently
permanently sensitizes the HPA axis and leads to a greater risk of develop-
ing depression later in life. In one schema, early sensitization of CRF
systems results in heightened responses to stress later in life. To measure
HPA responsivity to stress, the Trier Social Stress Test (TSST) was de-
veloped. This laboratory paradigm involves a simulated 10-minute public
speech and a mental arithmetic task. The TSST has been validated as a
potent activator of the HPA axis in humans [92]. Recently, our group has
reported increased plasma ACTH and cortisol concentrations, presumably
due to hypersecretion of CRF, after exposure to the TSST in women (both
depressed and non-depressed) who were exposed to severe physical and
emotional trauma as children [93]. These data provide evidence for func-
tional hyperactivity of CRF systems that may be influenced by early adverse
life events.

Space constraints do not permit an extensive review of the preclinical
literature. However, several additional points are worth interjecting. Nu-
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merous studies have documented that when CRF is injected directly into the
CNS of laboratory animals it produces effects reminiscent of the cardinal
symptoms of depression, including decreased libido, reduced appetite and
weight loss, sleep disturbances and neophobia. Indeed, newly developed
CRF; receptor antagonists represent a novel putative class of antidepres-
sants. Such compounds show activity in nearly every preclinical screen for
antidepressants and anxiolytics currently employed. Recently, a small open-
label study examining the effectiveness of R121919, a CRF; receptor antag-
onist, in major depression was completed [94]. Severity measures of both
anxiety and depression were reduced in the depressed patients. Although
this drug is no longer in clinical development, it is clear that CRF; receptor
antagonists may represent a new class of agents to treat anxiety and affect-
ive disorders.

HPA Axis Alterations in Other Psychiatric Disorders

When depression is comorbid with a variety of other disorders, such as
multiple sclerosis, Alzheimer’s disease, multi-infarct dementia, Hunting-
ton’s disease, and others, both CRF hypersecretion and HPA axis hyper-
activity are common. In contrast, HPA axis dysfunction has rarely been
reported in schizophrenia. Consistent with the role of CRF in both depres-
sion-like and anxiety-like behaviours in preclinical animal studies, in-
creased CSF concentrations of CRF have been reported in post-traumatic
stress disorder (PTSD) [95]. A recent elegant study that used an in-dwelling
cannula in the lumbar space, allowing repeated sampling of CSF several
hours after the initial, and presumably stressful, lumbar puncture, demon-
strated elevated CSF levels of CRF in combat veterans suffering from PTSD
[96]. In contrast, low serum cortisol and urinary free cortisol levels have
been repeatedly, yet unexpectedly, detected in PTSD. One possible mechan-
ism that has been proposed by Yehuda et al. [97] suggests heightened
negative feedback within the HPA axis in patients with chronic PTSD.
Finally, CRF neuronal degeneration is now well known to occur in the
cerebral cortex of patients with Alzheimer’s disease, with compensatory
up-regulation of CRF receptor numbers, and this effect precedes the
better-studied cholinergic neuronal involvement [98].

HYPOTHALAMIC-PITUITARY-GONAD AXIS

The overall organization of the hypothalamic-pituitary—gonad (HPG) axis is
similar to the other major neuroendocrine axes. A “pulse” generator in
the arcuate nucleus of the hypothalamus controls gonadotropin-releasing
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hormone (GnRH) secretion, which occurs in a pulsatile fashion [99]. GnRH
is released into the portal circulation connecting the hypothalamus and
anterior pituitary, where it binds to gonadotrophs and promotes the release
of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) into
the systemic circulation [100]. These hormones then bind to Leydig’s cells in
the testes to promote testosterone secretion or the ovaries to promote oes-
trogen secretion. In females, FSH also promotes the development of ovarian
follicles and the synthesis and secretion of androgen-binding proteins and
inhibin. Inhibin acts directly on the anterior pituitary to inhibit FSH secre-
tion without affecting LH release. In both sexes, testosterone/estradiol
generated by the testes/ovaries feed back on the pituitary and hypothal-
amus to inhibit further FSH, LH and GnRH release.

Despite the significantly higher rates of depression in women, data on
HPG abnormalities in psychiatric disorders remain remarkably limited.
Early studies showed no differences in plasma concentrations of LH and
FSH in depressed postmenopausal women compared with non-depressed
matched control subjects [101]. However, a later study showed decreased
plasma LH concentrations in depressed postmenopausal women compared
to matched controls [102]. In a more recent study, significantly lower estra-
diol levels were detected in women with depression, but the blood levels of
other reproductive hormones fell within the normal range [103]. Because
estradiol affects a number of neurotransmitter systems, including norepin-
ephrine and serotonin, these results merit further study.

The response to administration of exogenous GnRH in depressed patients
has also been investigated. Normal LH and FSH responses to a high dose of
GnRH (250 p.g) have been reported in male depressed and female depressed
(pre- and postmenopausal) patients [104], whereas a decreased LH response
to a lower dose of GnRH (150 pg) has been reported in pre- and postmeno-
pausal depressed patients [102]. Unden et al. [105] observed no change in
basal or TRH/luteinizing hormone-releasing hormone (LHRH)-stimulated
LH concentrations in a depressed cohort including both sexes, though
depressed males with an abnormal DST response showed a significantly
higher increase in FSH compared to the controls.

The prevalence of mood disorders in women, including premenstrual
syndrome (PMS) and post-partum depression, also deserves mention. PMS
is a cyclic recurrence of symptoms both somatic (oedema, fatigue, breast
tenderness, headaches) and psychological (depression, irritability, and af-
fective lability). The symptoms start following ovulation and disappear
within the first day or two of menses, followed by a symptom-free interval
between menses and the next ovulation. In some cases (5-10%), symptoms
may be severe enough to interfere with normal functioning, leading to the
diagnosis of premenstrual dysphoric disorder (PMDD) [106]. GnRH agon-
ists, which produce a “clinical ovariectomy’” by down-regulation of GnRH
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receptors in the pituitary and reduced gonadotropin secretions, have been
shown to be an effective treatment for PMS, suggesting that the HPG axis is
involved in the manifestation of symptoms [107]. However, significant
variations in HPG axis function have yet to be identified in women espe-
cially susceptible to PMS.

Post-partum mood disorders are also common, occurring in approxi-
mately 10% of women after childbirth. Both post-partum depression and
the less frequent post-partum psychosis show their highest prevalence in
the first three months after childbirth [108]. The timing of these syndromes
would suggest that neuroendocrine dysregulation may contribute to their
expression, but no major abnormalities in HPG axis function were detected
in a prospective investigation of post-partum disorders [109]. Additional
research on the HPG axis in depression and in other mood states is needed.

HYPOTHALAMIC-PROLACTIN AXIS

Unlike other anterior pituitary hormones, prolactin release is regulated via
tonic inhibition by prolactin-inhibitory factor (PIF), which was later deter-
mined to be dopamine. Dopamine neurons in the tuberoinfundibular
system of the hypothalamus directly inhibit prolactin release. Prolactin
can also inhibit its own release by a short-loop negative feedback to the
hypothalamus. TRH, oxytocin, serotonin, oestrogen and other neuroregula-
tors also have prolactin-releasing factor activity [110]. Prolactin primarily
regulates the behavioural aspects of reproduction and infant care. Basal
prolactin levels increase in females following parturition, and suckling
stimulates prolactin release. Prolactin itself stimulates breast growth and
milk synthesis.

Excess circulating prolactin can lead to a number of clinical symptoms.
Hyperprolactinemia often leads to reduced testosterone secretion in men
and a decreased libido in both men and women. Patients may also complain
of depression, stress intolerance, anxiety and increased irritability, which
usually resolve following treatments that reduce serum prolactin levels.
Despite these effects, alterations in the hypothalamic—prolactin axis have
not been clearly demonstrated in psychiatric disorders [111]. Hyperprolac-
tinemia also frequently occurs following treatment with conventional anti-
psychotic medications, because of their potent blockade of dopamine
receptors. Because prolactin release is inhibited by dopamine, the prolactin
response to infusions of dopaminergic agonists has also been used to esti-
mate CNS dopaminergic tone, though it probably only reflects hypothal-
amic dopamine neuronal function.

Although abnormalities in prolactin secretion have not been clearly
demonstrated in depression per se, a large number of reports have used
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provocative tests of prolactin secretion in patients with psychiatric disorders
(for a review see [112]). Briefly, these tests use agents that increase sero-
tonergic transmission, for example L-tryptophan, 5-hydroxytryptophan
(SHTP), and fenfluramine, among others. In general, the prolactin response
to agents that increase serotonergic activity is blunted in depression [113,
114], as well as in patients with cluster B personality disorders [115]. These
data suggest that the blunted prolactin response is mediated by alteration in
5HT;a receptor responsiveness, and that serotonergic transmission in these
patients is abnormal.

OXYTOCIN AND ARGININE-VASOPRESSIN

Oxytocin and AVP are nonapeptides synthesized in the magnocellular
neurons of the PVN of the hypothalamus and released directly into the
bloodstream from axon terminals in the posterior pituitary. This is in contrast
to the hypothalamic releasing factors we have discussed thus far, which are
released in the portal system from the median eminence, and distinct from
the anterior pituitary hormones, which are released following the activation
of pituicytes by the releasing factors synthesized in the hypothalamus.

AVP has prominent roles in controlling fluid balance via its effects on the
kidney and regulating blood pressure via its vasoconstrictive effects on
blood vessels, and can directly promote the sensation of thirst. AVP also
promotes the release of ACTH from the anterior pituitary in the presence of
CREF, and is released following stressful stimuli [116]. In humans, oxytocin is
predominantly involved in controlling smooth muscle contraction during
both breast-feeding and parturition (myometrium). In rodents, oxytocin
promotes a number of reproductive (grooming, arousal, lordosis, orgasm,
nesting, birthing) and maternal behaviours. Although there are marked
species differences in the effects of oxytocin, central infusion of this peptide
in females of a monogamous prairie vole species promotes lifelong pair
bonding in the absence of mating. Furthermore, pair bonding in this species,
which normally accompanies mating, can be blocked by oxytocin antagon-
ists, thus implying a key role for oxytocin in the expression of this lifelong
behaviour. Rodent studies have also demonstrated that AVP has a pair-
bonding function in males, analogous to the pair-bond-promoting behav-
iours induced by oxytocin administration in females. AVP promotes mon-
ogamy and paternal behaviour in some species of male prairie voles. These
studies have led some researchers to speculate that oxytocin and AVP may
play a role in psychiatric disorders characterized by disrupted affiliative
behaviours, such as Asperger’s disease and autism [116]. Clearly, more
work is needed in order to better understand the function of these two
hormones in the human brain.
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PITUITARY-GROWTH HORMONE AXIS

Growth hormone (GH) is synthesized and secreted from somatotrophs
located in the anterior pituitary. Its release is unique in that it is controlled
by two peptide hypothalamic hypophysiotropic hormones, growth hor-
mone-releasing factor (GHRF) and somatostatin (SRIF). SRIF, also known
as growth hormone-release-inhibiting hormone (GHIH), was first isolated
from ovine hypothalamus in 1974. It is a tetradecapeptide, containing a
disulfide bridge linking the two cysteine residues. It is released predomin-
antly from the periventricular and the PVN of the hypothalamus and
inhibits GH release. SRIF has a wide extrahypothalamic distribution in
brain regions, including the cerebral cortex, hippocampus and amygdala.

GHRF was characterized and sequenced in 1981, after considerable diffi-
culty, from extracts of an ectopic tumour associated with acromegaly. GHRF
is a 44-amino-acid peptide and has the most limited CNS distribution of all
the hypothalamic-releasing hormones so far identified. GHRF-containing
neurons are concentrated in the arcuate nucleus of the hypothalamus and
stimulate the synthesis and release of GH. Dopamine, norepinephrine and
serotonin innervate GHRF-containing neurons to modulate GH release.
Both GHRF and SRIF are released from the median eminence into the
hypothalamo-hypophyseal portal system, where they act on somatotrophs
in the anterior pituitary to regulate GH release. The GH axis is unique in
that it does not have a single target endocrine gland; instead, GH acts
directly on targets including bone, muscle and liver. GH also stimulates
the release of somatomedin from the liver and insulin-like growth
factors. GH shows pulsatile release, with highest release occurring around
the time of sleep onset and extending into the first non-REM period of sleep
[117].

GH release response to a variety of stimuli, including L-DOPA, a dopa-
mine precursor [118], apomorphine, a centrally active dopamine agonist
[110], and the serotonin precursors L-tryptophan [119] and 5HTP [120],
has been demonstrated. Several findings indicate dysregulation of GH
secretion in depression. Studies have demonstrated a blunted nocturnal
GH surge in depression [121], whereas daylight GH secretion seems to be
exaggerated in both unipolar and bipolar depressed patients [122]. A
number of studies have also demonstrated a blunted GH response to the
a-adrenergic agonist clonidine in depressed patients [123, 124]. Siever et al.
[125] demonstrated that the blunted GH response to clonidine was not
related to age or sex, and this study provided evidence that the diminished
GH response to clonidine may be secondary to decreased aj-adrenergic
receptor sensitivity in depression. Using a GHRF stimulation test, our
group later demonstrated a slight exaggeration of GH response to GHRH
in depressed patients compared to controls, although this difference was
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mainly attributable to 3 of the 19 depressed patients, who exhibited mark-
edly high GH responses to GHRF [126]. Others, however, have reported a
blunted GH response to GHRH in depressed patients. Thus, it is unclear
whether the blunted GH response to clonidine seen in depression is due to a
pituitary defect in GH secretion, further implying the existence of a sub-
sensitivity of a-adrenergic receptors in depression, or to a GHRH deficit.
Recently, a diminished GH response to clonidine was demonstrated in
children and adolescents at high risk for major depressive disorder. In the
light of evidence demonstrating GH dysregulation in childhood depression
[127], the blunted GH response seen in high-risk adolescents may represent
a trait marker for depression in children and adolescents [128]. Arguably,
the blunted GH response to clonidine seen in depression may be the most
reproducible and specific finding in the biology of affective disorders.

A GHRH stimulation test has also been developed and employed in
depressed patients. Two groups have shown a blunted GH response to
GHRH in depressed patients [129-131]. However, Krishnan et al. [126, 132]
found minimal differences in serum GH response to GHRH between de-
pressed and control patients. A comprehensive review of GHRH stimulation
tests in depression, anorexia nervosa, bulimia, panic disorder, schizophre-
nia and Alzheimer’s disease concluded that the results of this test are not
consistent and in some cases are contradictory [133]. Factors including the
variability of GHRH-stimulated GH among controls, lack of standard out-
come measures, and age and gender-related effects may account for some of
this variability. Further studies using GHRH will help develop a standard
stimulation test to clarify further the response to GHRH in depression and
other psychiatric disorders.

Several studies have demonstrated decreased SRIF levels in the CSF of
patients suffering from depression [134, 135], dementia, schizophrenia [136]
and Alzheimer’s disease [98, 137]. SRIF concentrations are also markedly ele-
vated in the basal ganglia of patients with Huntington’s disease [138], though
the implications of this finding are unknown. SRIF also inhibits the release of
both CRF and ACTH [139-141], indicating a direct interaction between the GH
and HPA axes. No published studies measuring GHRH concentration and
GHRH mRNA expression have been conducted in post-mortem tissue from
depressed patients and matched controls, which, in view of the evidence pre-
sented here, is of interest. Similarly, CSF studies of GHRH are lacking.

CONCLUSIONS

Basic clinical observations of psychiatric disorders associated with primary
endocrine disorders, such as Cushing’s syndrome and hypothyroidism,
have led us to a broader understanding of the role of neuroendocrine
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disturbances in a variety of psychiatric disorders, including depression and
bipolar disorders. These studies have allowed major advances in biological
psychiatry by helping us to understand the brain circuits involved in the
pathophysiology of mood and anxiety disorders. Foremost among these is
the CRF theory of depression, which is supported by studies from a variety
of disciplines, and which has led to the development of a novel therapeutic
approach, namely using CRF receptor antagonists. Further, this work has
provided a mechanism to explain the increase in the prevalence of depres-
sion seen in patients exposed to trauma early in life (first postulated by
Freud in the early part of the twentieth century). If CRF truly is the “black
bile” of depression, CRF antagonists may represent a novel class of anti-
depressants with a unique mechanism of action. Indeed, a number of CRF
receptor antagonists are now in clinical development as novel anxiolytics
and antidepressants.

In addition to the HPA axis and CRF alterations observed in depression,
HPT axis abnormalities are also very common; the majority of depressed
patients, in fact, exhibit alterations in one of these two axes. Furthermore,
there is a widely replicated blunting of GH response to clonidine and a
blunted prolactin response to serotonergic stimuli in depressed patients.
Although these studies have notadded much understanding to the prevailing
monoamine theory of depression, the mechanistic studies that have followed
have been remarkably fruitful. Is it obvious that the vast majority of studies
have been focused on patients with mood disorders, particularly unipolar
depression. Clearly, other disorders including eating disorders, anxiety dis-
orders, schizophrenia and axis II diagnoses should be similarly scrutinized.

The availability of selective ligands that can be used with PET will mark
the next major leap in our understanding of the neuroendocrine axes in
psychiatric disorders. The ability to determine peptide receptor alterations
in the brain and pituitary of patients with psychiatric disorders will contrib-
ute immensely to our understanding of the neurobiological underpinnings
of such disorders.

Finally, a growing number of studies have demonstrated that depression is
a systemic disease that increases vulnerability to other disorders. Depressed
patients demonstrate increased incidence of coronary artery disease and
stroke, osteoporosis and perhaps cancer. These observations may at least be
partly attributed to the endocrine alterations observed in depression.
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INTRODUCTION

Mental activities, from simple sensory processing to high-order cognitive
functions, are based on complex electrochemical neuronal activation pat-
terns. This apparently trivial statement implies that the study of brain mor-
phology and molecular biology will not be able to link the activity of the
working brain with psychology and psychopathology until the dynamics
and topological interactions of brain activity at the systems level are suffi-
ciently understood. Since neurophysiological methods assess the summed
electrical field potentials derived from postsynaptic dendritic currents of
cortical neurons, they are able in principle to study the system physiology of
the brain with a sufficiently high temporal resolution. Important insights
into the time course of brain electrical activation during complex cognitive
processes are possible. To give some examples, the time course of neuronal
mass activation during conscious sensory discrimination, anticipation of
movements even if only imagined, processing of semantic information,
and decoding of human face expression has been reliably described.
Multi-channel recordings have provided important information about the
topography of brain electrical fields over time. However, attempts to relate
the results of electrophysiological recordings to the topology of brain func-
tion have been hindered by the lack of reliable methods that provide an
external validation of electrophysiological topographic findings.
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In recent years, the upcoming techniques of functional imaging, in par-
ticular functional magnetic resonance imaging (fMRI), have contributed
substantially to the validation of earlier electrophysiological results [1].
This has opened up a fascinating field which combines methods for integra-
tive research utilizing the high time resolution of electroencephalography
(EEG) and cortical event-related potentials (ERPs) and the high spatial
resolution of functional imaging techniques. Not too surprisingly for con-
temporary neurophysiologists, and to the delayed gratification of many
pioneers, several electrophysiological results that were plausible, but not
proven due to the lack of adequate validation, have recently been confirmed
by functional imaging. Examples include the preactivation of the motor
cortex prior to a planned movement, the activation of modality-specific
brain areas during mental imagery and the validation of source localization
routines [2, 3]. Furthermore, exciting new discoveries relating fast-
frequency EEG activity, in the form of gamma oscillations, to conscious
experience, have contributed to a renaissance in EEG methodology, as
have the methods of high-resolution EEG coherence demonstrating dy-
namic patterns of functional connectivity and disconnection [4, 5].

In clinical psychiatry, neurophysiological methods are still of limited
impact compared with their importance for understanding physiological
brain functions. EEG and ERPs are in general accepted only as a means of
excluding “organic” brain pathology and for investigating sleep disorders;
for psychiatric diseases an accepted indication is lacking. This is surprising,
since robust results have been reported and independently confirmed in
schizophrenia and depression demonstrating that late ERPs, for example,
are related to subdiagnoses, risk factors, symptom dimensions and progno-
sis [6, 7]. So far, final validation of the parameters and their introduction into
clinical practice has been held back by manifold problems. One is the
apparent reluctance of research foundations to provide the necessary finan-
cial support for the last step needed to make basic research results available
for clinical practice. Further limitations to progress in neurophysiology, as
well as in many other disciplines of psychiatric research, derive from pre-
sent psychiatric classification systems. In the case of schizophrenia, for
example, although it is generally accepted that it is not one disease, empir-
ical results that account for this are usually not adequately taken note of and
further investigated.

Neurophysiology has recently gained new interest due to its extension
into functional brain imaging, which allows validation of spatial informa-
tion yielded previously. Now the combination of available techniques offers
new perspectives for describing a neurophysiological syntax of higher brain
functions that might improve our understanding of mechanisms underlying
abnormal mental states and contribute to a revision of current psychopatho-
logical concepts and categories. Several encouraging results are available
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today, and this chapter will attempt a comprehensive overview of the state
of the art.

RECORDING AND ANALYSIS OF BRAIN ELECTRICAL
ACTIVITY

Electroencephalography

Since Hans Berger’s discovery of the EEG, recording of the brain electrical
activity from the scalp has been considered a window to mental processes.
The EEG consists of the summed electrical field potentials generated by
postsynaptic dendritic currents of cortical neurons [8-11]. The frequency
and amplitude characteristics of the scalp EEG provide information on the
underlying neural dynamics. They can be investigated with respect to
different experimental conditions and/or diagnostic categories. The EEG
is generally recorded from large arrays of electrodes; nowadays, 16-32
electrodes are used in most laboratories, while in more sophisticated re-
search settings the number can be 124 or more [12]. The electrodes are
placed over the scalp according to international systems [13, 14]. In the
last ten years, the old EEG machines have been largely replaced by com-
puter systems for the amplification, digitization, digital filtering, storing and
quantitative analysis of multi-lead EEG, with several advantages [15].
Visual interpretation of the EEG has limited value in the study of neuro-
cognitive functions, providing only a few parameters for assessment of the
state of alertness and for the detection of epileptic or other abnormalities
related to gross cerebral pathology [16, 17]. By contrast, quantitative analy-
sis of EEG (qEEG) in the time, frequency and space domains has enor-
mously enhanced the potential of the technique in the evaluation of brain
functioning: changes in amplitude, frequency and/or topography, which
cannot be resolved by the human eye, reflect changes in brain functions [12].
qEEG provides valuable information on the timing of neurocognitive events
and brain functional connectivity, i.e. the functional coupling among differ-
ent brain areas under various affective, motor and cognitive conditions [12,
18-20]. Two methods have been used in EEG quantification: time and
frequency domain analysis.

In the time domain, the principal method is period analysis, which calcu-
lates the percentage of time spent in each frequency band, the average
frequency, the frequency variability, as well as the amplitude and amplitude
variability, for both the primary EEG wave and the first derivative [21].

In the frequency domain, qEEG parameters are most frequently derived
from the spectral analysis of the EEG signal. This analysis calculates
the power for all the frequency spectrum (total power) or for individual
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frequency bands (band power). By calculating the root mean square of the
power, the total amplitude and the amplitude of each frequency band is
obtained. The traditional four frequency bands—delta (up to 3.5 Hz), theta
(3.5-7.5Hz), alpha (7.5-13.5 Hz) and beta (13.5-30 Hz)—have been replaced
by narrower frequency bands for which distinct functional correlates have
been reported [22-26]. The analysis of frequencies above 30 Hz—the so-
called gamma band—has started quite recently, after the discovery of its
functional significance in experimental studies with intracerebral record-
ings [27-30]. As described in the next paragraph, the interpretation of the
functional meaning of different EEG frequency bands has greatly changed
in the last decades. In fact, while until the 1970s an excess of delta and theta
activity in adults was considered as a sign of sleepiness or brain pathology,
alpha rhythm as an index of an idling state of the brain, and the presence of
beta activity was related to cognitive and sensory activation, in the last few
decades several studies have demonstrated that all known EEG frequency
bands may be involved in physiological brain states.

Coherent, rhythmic changes of electrical potentials in the high-frequency
range (above 30Hz, gamma band) have been demonstrated in distributed
populations of neurons in response to sensory input [20, 27-30]. The dem-
onstration of this “evoked” (stimulus-induced) gamma oscillatory activity
in the mammalian brain was the first empirical validation of von der Mal-
sburg’s hypothesis that synchronization of neural groups (individually
coding for different aspects of the sensory input) is the basic binding process
in the central nervous system, yielding a unified percept [18, 30]. Recently, it
has been hypothesized that other oscillatory rhythms are involved in cogni-
tive processes requiring integration over large cortical distances (e.g. among
areas of different sensory modalities) and in complex activities extending in
time (such as working memory tasks) [25, 31, 32].

Task-related or event-related amplitude measures within a specific fre-
quency band provide an estimate of synchronization of local sources. Event-
related desynchronization (ERD), with positive values representing a reduc-
tion and negative values an increase in power with respect to a baseline
reference interval, is a valuable example of this type of measure [33]. Some
studies have also investigated the synchronization of the qEEG frequency
with different rates of sensory stimulation in the gamma and alpha fre-
quency ranges [34, 35]. Research focusing on oscillatory responses has
changed the interpretation of the EEG rhythms. In particular, delta oscilla-
tion is believed to increase during the performance of tasks requiring
internal concentration (i.e. subjects have to disregard external input); in
these conditions, the increase is maximal over frontal regions [36, 37]. The
activation of corticofugal pathways that inhibit thalamocortical neurons,
producing a disconnection of the cortex from environmental stimuli, was
hypothesized to mediate delta increase during internal concentration [37].
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Recent findings seem to indicate an increase of delta for recalled versus non-
recalled words [26]. Theta activity was shown to be involved in working
memory functions and attention [22-26]. Alpha in the lower band (7.5-
9.5 Hz) was demonstrated to index attentional processes, while in its higher
band (9.5-13.5Hz) it was implicated in memory functions [22, 24, 37-40].
Beta, like gamma activity, seems to have a role in the integration of sensory
information to give a unified percept [41].

Coherence (i.e. the correlation coefficient among different recording sites
within a frequency band) is a measure of the shared electrical activity
among scalp sites and evaluates the functional interactions of brain areas
on a large spatial scale [19, 26]. The coherence among distant recording sites
separated by the rolandic fissure is termed “‘fascicle coherence” because it
expresses the interactions along the superior longitudinal fasciculus, while
coherence among post-rolandic sites is called ““visual” because is restricted
to areas connected by projections of the visual pathways [42]. Methodo-
logical problems in measurements and interpretation of coherence have
been recently reviewed [19, 43] and the reader is referred to these papers
for a comprehensive review of methodological issues.

The integration of highly specialized processes, involving spatially segre-
gated areas of the neocortex, to form a coherent neural process underlying
perception and cognition, cannot imply only a global synchronization of a
large number of neural assemblies. It has been hypothesized that integration
might be achieved by complex relationships among different brain areas, so
that the neural dynamic of one population influences the dynamics of
another population, not just inducing the same frequency (by synchronizing
the other population), but constraining the frequency range that can be
expressed by the second population. It has been shown that low-frequency
oscillations in some brain regions might influence the high-frequency oscil-
latory response of distant areas [32, 44, 45]. According to some authors, the
application of non-linear methods of analysis might be more appropriate
than linear methods (such as power spectrum and coherence) to study this
type of relationship among different brain regions and frequency bands [46,
47]. Dimensional complexity and a positive Lyapunov exponent are param-
eters derived from non-linear methods and provide an estimate of the
coordination of brain processes by evaluating the number of independent
processes which influence the behaviour of the whole system [46—48]. An
analogous measure, omega complexity, based on linear analysis methodolo-
gies, has also been proposed [49]. Both the dimensional and the omega
complexity have high values when many independent processes are active
and poorly coordinated, possibly related to reduced functional connectivity.
In fact, as shown by Friston [44] in a computer simulation, reduced connect-
ivity among neural elements is reflected by an increase in the dimensional
complexity of the electrical activity of the whole network. The Lyapunov
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exponent estimates the dependence of the system on its initial conditions
and is thought to index system flexibility [50].

Computerized EEG topography (CET) or qEEG mapping has been de-
veloped for multi-lead qEEG data. The technique involves the construction
of a two- or three-dimensional matrix for a topographic representation of
qEEG parameters, such as instant amplitude and band power. Values of the
matrix points not covered by the recording electrodes are calculated by
interpolating the values from the nearest three or four recording electrodes.
The introduction of colour-coded maps made the information more intelli-
gible for non-neurophysiologists and led to renewed interest in these
methods in the late 1980s and early 1990s. As for other imaging techniques,
statistical probability mapping can also be implemented for comparisons
between different subject populations or experimental conditions.

Without appropriate transformations of the qEEG parameters, the topo-
graphic information provided by the technique is critically dependent on the
reference electrode used for EEG recording. Several transformations have
been proposed to obtain reference-independent data, such as the average
reference (subtraction of the mean of all electrode values from each electrode
value) and Laplacian derivation (the second derivative in space of the poten-
tial field at each electrode) [51, 52]. Topography of the brain electrical fields
changes over time. The field strength and its distribution is the summary
result of the contemporaneous active neural source in the brain. Due to the
limited spatial resolution and the so-called inverse solution problem (many
different neural activation patterns can explain the same surface field) of
electrophysiological recordings, there is no final proof for topographical
interpretations in terms of activation of cortical areas. In spite of this general
limitation, a parsimonious but valid statement is that a consistent change of
the brain electrical field configuration must be due to a change in the relative
contribution of distributed brain regions. In other words, while the same field
can be generated by different neural activation patterns, different fields
cannot be generated by the same activation pattern.

These facts are sufficient to give a physiological significance to field
topography changes observed over time and have led to the development
of a method for segmentation of the spontaneous EEG into topographically
homogeneous periods. With this method [53] it has been demonstrated that
the brain electrical fields are not continuously changing, but show epochs of
topographic stability interrupted by rapid changes. Further, stable epochs
are short (50-1000 milliseconds) compared to the changes in the EEG fre-
quency content and are not merely an expression of the EEG carrier fre-
quency. This has led to the introduction of the term “brain electrical
microstates”” for these topographically stable periods of the brain electrical
fields, in distinction from the macrostates (more enduring frequency pat-
terns) in which they are embedded [54].
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The neurophysiological meaning of brain electrical microstates is being
studied in terms of cognitive and psychopathological phenomena associ-
ated with particular brain electrical field configurations and their temporal
characteristics. The particular temporal pattern of rapid changes and stabil-
ity of variable duration has led to the hypothesis that these brain electrical
microstates are related to basic mental operations. This is consistent with the
fact that basic mental operations have a duration well within the range
observed for brain electrical microstates, and implies that the stream of
consciousness, though based on massive low-level parallel processing,
results in a sequence of unique contents of mind that are represented by
the instantaneous spatial activation patterns of the cerebral cortex. Further
observations suggest that there may be a threshold of 100-150 milliseconds
for a brain state to become a conscious content of mind [55]. Empirical
studies have demonstrated that the brain electrical microstates identified
with topographical segmentation of the EEG are related to conscious mind
states. In particular, abstract thoughts have been associated with different
brain electrical field configurations compared to visual mental representa-
tions [56]. Source localizations of these different fields showed a very
convincing regional activation pattern involving the left frontal region
during abstract thoughts (inner speech) and right parieto-occipital regions
during visual mental sceneries [57]. On the basis of these results, the method
appears suitable for identifying what Dietrich Lehmann calls the ““atoms of
thought”.

A further important development in topographical analysis is the three-
dimensional current source analysis of the brain electrical fields. Pascual-
Marqui et al. have developed a method of low-resolution electromagnetic
tomography (LORETA) that allows localization of the electrical sources of a
surface field in the three-dimensional brain space [58]. In contrast to trad-
itional dipole analysis, LORETA is based on the assumption that the scalp
field is not generated by a single point source but rather by synchronous
activation of neighbouring neurons. LORETA calculates the “smoothest” of
all possible solutions by minimizing the total squared Laplacian derivation
of source strengths and restricts the solution to brain regions contributing to
the electrical scalp field. The method appears to be superior for the source
localization of spontaneous EEG and for the cognitive components of the
ERPs compared to traditional dipole analysis. It has been validated with
concomitant EEG and fMRI recordings during epileptic discharges, with
glucose metabolism in Alzheimer’s disease (AD) [59] and with neuro-
psychological tests of frontal brain functions and face decoding [2, 60].
Combination with other functional imaging techniques allows validation
of the method and has in several instances provided a fruitful integration
between the high spatial resolution of functional imaging and insights
obtained from the high time resolution of EEG and ERPs.
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Event-Related Potentials

Another measure of electrocortical activity derived from EEG recordings is
the ERP. This has been the psychophysiological parameter most widely
investigated in psychopathology to date. ERPs are generated in response
to specific stimuli and are depicted by positive (P) and negative (N) deflec-
tions typically averaged over a number of stimuli. They may be time-locked
to the stimulus and termed “evoked”, or may be “induced” by the stimulus,
in which case the latency is more variable. ERPs have been classified into:
(a) sensory potentials, which may occur in the various sensory modalities
and include far-field very short latency auditory potentials whose deflec-
tions depict transmission through the auditory nerve and brain stem, (b)
motor potentials, which precede and accompany motor movements, and (c)
longer latency potentials, occurring after about 200 milliseconds and typic-
ally reflecting subjective responses, such as the P300, a widespread potential
(with maximum positivity at centroparietal areas at about 300 milliseconds)
related to novelty or expectancy, and the N400, associated with memory and
semantic deviations as with unexpected endings of sentences. Such ERPs,
occurring in the millisecond range, are contrasted with steady potential
shifts, lasting over seconds, and including the contingent negative variation
(CNV), which occurs during the waiting to respond following a warning
signal, and the bereitschaftspotential or readiness potential, which accrues
before the onset of a voluntary movement.

ERPs have been used to understand at what stage information processing
may be dysfunctional, under what conditions, and, to a lesser extent, where
in the brain the dysfunction may be located. Most sensory ERP components
have an origin in or close to primary sensory cortex. In the auditory modal-
ity, ERPs depict a negative—positive N100-P200 complex generated in the
auditory cortex of the temporal lobe. Monaural stimulation may produce a
larger contralateral ERP, though there is not always an advantage for con-
tralateral pathways. Visual ERPs typically are largest at the occipital pole
and larger contralateral to the hemi-field of stimulation. Somatosensory
potentials have been localized to post-central gyrus and to primary soma-
tosensory cortex with larger contralateral responses to unilateral stimula-
tion.

Attending to one ear and ignoring the other has revealed an N100 com-
ponent that is related to attention [61]. If a deviant stimulus is presented in a
stimulus train, a negative wave at about 200 milliseconds occurs, which is
termed mismatch negativity (MMN). This is measured by subtracting stand-
ard from deviant stimuli; using magnetoencephalography (MEG), one gen-
erator has been localized to supratemporal auditory cortex. MMN has been
attributed to an echoic memory process, for it occurs even if the subject is
absorbed in another task and fails to register the auditory stimuli. Another
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ERP component to an infrequent stimulus is the P300 response. This has
been associated with a range of cognitive processes such as expectancy,
decision making, relevance, information delivery and so on. As with all
but early ERP components, multiple processes and generators are involved.

Neurochemical processes have been related to ERPs. Relations between
stimulus intensity and the amplitude of ERP components at around 100
milliseconds, where specific and non-specific thalamocortical systems inter-
act, involve serotonin [62]. ERP measures of sensory gating, whereby two
stimuli are presented in succession to assess the influence of the first on the
amplitude of the second, in the case of suppression of a P50 component have
been related to ay nicotinic receptor sensitization under hippocampal and
thalamic modulation [63].

PERIPHERAL MEASURES
Electrodermal Activity

Electrodermal activity, formerly called the galvanic skin response, has been
one of the most widely utilized measures. This reflects eccrine sweat gland
activity mediated by cholinergic activity and under sympathetic autonomic
nervous system control. Top-down modulatory influences arise from the
premotor and sensorimotor cortex, limbic structures, such as the amygdala,
hippocampus, cingulate cortex, hypothalamus and the reticular formation.
Electrodermal recording measures the resistance of the skin (or its reciprocal
skin conductance) to a minute electrical current through bipolar placement
of electrodes, typically placed on the phalanges of the fingers. Measures
typically taken are phasic event-related responses, phasic non-specific re-
sponses and tonic levels. Non-specific responses may be called “spontan-
eous responses” and may have a physiological identity independent of
cognitive influences.

There are striking individual differences in responsiveness or the lability
of responding, as well as in habituation following the repetition of standard
stimuli, which varies inversely with stress. A varying proportion of subjects
also fail to show evoked responses to passive or non-signal stimuli. Electro-
dermal reactivity may be also used as an index of emotional arousal, and
because it is unconfounded by parasympathetic influences, it is a useful
measure of sympathetic reactivity.

Hemispheric influences have had important implications for psychopath-
ology. The nature of lateralized influences has been controversial, and
conceptualization has been prone to simplistic right-versus-left interpret-
ations. Unsurprisingly, lateralized influences have been shown to depend
(a) on the nature of the electrodermal measure, such as whether the response
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is a phasic evoked or non-specific response or is a tonic response, (b) the
cognitive significance of the eliciting stimulus, such as whether it is verbal
or non-verbal, or whether it involves motor preparation, and (c) whether the
modulatory influences are predominantly cortical or subcortical. Most re-
search in psychopathology has involved non-signal orienting responses,
where subcortical limbic influences appear to predominate. Here, as with
other functions, such as behavioural turning tendencies, influences are
ipsilateral [64], as confirmed by intracranial stimulation studies in epileptic
patients [65].

Cardiovascular Activity

Cardiovascular activity measures, including heart activity measured with
the electrocardiogram and impedance cardiograph, blood pressure and
blood volume, have also proved useful indicators of emotionality and stress.
In addition, in view of significant interactions with somatic muscle activity
and brain activity, heart rate recording has illuminated orienting versus
defensive responding, signal detection and mental performance. The con-
ventional measure is the electrocardiogram, while the impedance cardio-
graph provides information about the physical functioning of the heart such
as cardiac output, stroke volume, ventricular ejection time, myocardial
contractility and total peripheral resistance. Spectral analysis of the ECG
allows delineation of sympathetic and parasympathetic influences. Electro-
myography (EMG) has been useful in evaluating effort and arousal pro-
cesses, and more recently emotional processes through recording distinct
muscle groups involved in facial displays of emotion. Pupillography may
also assist in evaluating emotional valence and mental load.

Eye Movements—Startle Reflex-Pre-pulse Inhibition

Eye movements, recorded by the electro-oculogram (EOG), currently have
widespread application in psychiatric research. Measured by electrodes
placed horizontally or vertically surrounding the eye, they include saccadic
movements from one fixation point to the next, smooth pursuit involving
the tracking of a moving object together with assessment of intrusive sac-
cades, the ability to inhibit saccades or to respond in a contrary direction
(anti-saccades), blink rates and scan paths. Eye blink has also been used to
index the startle response, especially the effect of a weak lead stimulus in
modulating startle.

The acoustic startle reflex is thought to involve the auditory nerve, coch-
lear nucleus, lateral lemniscus, nucleus reticularis pontis caudalis and reti-
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culospinal pathway to lower motor neurons. The inhibitory influences of a
lead pre-pulse, usually in the form of a weak auditory stimulus termed
“pre-pulse inhibition”” (PPI), involves descending frontolimbic cortico-
striato-pallido-pontine circuitry. The latter has been elucidated by means
of pharmacological studies in animals, which have shown modulation by
the hippocampal and medial prefrontal cortices and the basolateral amyg-
dala. Disruption of PPI occurs with agonists of dopamine and serotonin and
with glutamate/N-methyl-D-aspartate (NMDA) antagonists (see [66] for a
review). Neurodevelopmental studies have shown that PPI is reduced by
rearing rats in isolation, an effect reversed by typical and atypical antipsy-
chotic drugs. Furthermore, in rats with neonatal neurotoxic lesions of the
hippocampus, PP1 is impaired after puberty, suggesting that early develop-
mental lesions of the hippocampus create a vulnerability to hormonal influ-
ences on neuronal circuits that accompany puberty [67].

MAIN FINDINGS OF NEUROPHYSIOLOGICAL
RESEARCH IN PSYCHIATRY

Schizophrenia
Quantitative EEG

The most frequently reported findings from qEEG studies in subjects with
schizophrenia include an increase of slow (delta and theta) and fast (beta)
activities, and a decrease in alpha power [68-79]. This pattern was initially
attributed to the effects of neuroleptic treatment, since some drugs may
induce a general slowing of EEG activity. However, this explanation has
been ruled out by studies showing that slow wave activity is even more
pronounced in untreated patients [74], and it is also present in children at
genetic risk for schizophrenia [68]. Although some authors have found these
abnormalities as a pattern, others have reported the presence of only some of
them (e.g. increase of slow activities and decrease of alpha), or discrepant
findings (increase of alpha or lack of differences) [73, 80, 81]. EEG character-
istics of schizophrenic patients appear to be stable over time [82, 83]. The
majority of studies carried out in subjects in their first episode of schizophre-
nia have confirmed the pattern of qEEG abnormalities described above [73,
75, 83-85]. However, discrepant findings have also been reported [86-88].
qEEG abnormalities cannot be considered pathognomonic characteristics
of schizophrenia, since the degree of sensitivity and specificity is not ad-
equate for diagnostic purposes. However, they have been regarded as:
(a) markers of vulnerability to psychosis, (b) prognostic indicators of ill-
ness course, (c) tools for the identification of schizophrenia subtypes and
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(d) correlates of psychopathological characteristics. The topography of the
observed abnormalities has often stimulated hypotheses on pathophysiolo-
gical mechanisms underlying the disorder.

qEEG Abnormalities and Vulnerability to Psychosis. In 1974, Itil et al. [89]
reported preliminary findings of a study carried out in Copenhagen which
included 71 children considered to be at high risk for schizophrenia (at least
one parent suffering from schizophrenia) and 71 children of normal parents
(controls). The high-risk group of children showed more slow delta waves
(1.3-3.5Hz), more fast beta activity (above 18 Hz), less alpha activity (10—
13 Hz), higher average frequency and less average absolute amplitude than
controls. Most significant differences were found over the right temporal and
parietal leads. A similar pattern of EEG abnormalities had been found by the
same research group in both adult subjects with schizophrenia and psychotic
children in comparison with matched groups of healthy controls [68, 90].

Koukkou [91] proposed alpha power reactivity as a trait marker of schizo-
phrenia. She found that before medication, while acutely psychotic patients
showed a reduced reactivity of the alpha band power and frequency, the
reactivity of the alpha frequency was restored to some extent in the remit-
ted, non-psychotic state and after discontinuation of neuroleptic treatment
for three months or more, but it was still reduced compared to normals.
Koukkou interpreted the EEG reactivity as a sign of reorganization of
working memory during the schizophrenic psychosis [86].

According to Clementz et al. [83] and Stassen et al. [92], EEG abnormalities
observed in patients with schizophrenia do not reflect genetic vulnerability.
Stassen et al. [92] have studied with repeated assessments 27 pairs of
monozygotic (MZ) twins discordant and 13 pairs concordant for schizo-
phrenia, 40 pairs of healthy MZ twins, and 91 healthy unrelated subjects.
Healthy MZ twins appeared as similar to each other as the same person was
to herself /himself over time. Concordance was much lower in twins con-
cordant and discordant for schizophrenia. Increased theta and decreased
alpha differentiated affected from non-affected co-twins, who were discrim-
inated with 80% accuracy. The authors hypothesized that the “EEG abnor-
malities associated with schizophrenia, and manifested differently in MZ
twins concordant for schizophrenia, reflect non-genetic, idiosyncratically
different, pathologic developments of genetically identical brains”.

qEEG Abnormalities as Prognostic Indices of Illness Course. In schizophrenia,
besides the above-described pattern of EEG abnormalities characterized by
an increase of slow (delta and theta) and fast (beta) activities and a decrease
of alpha power, some authors have described the presence of a so-called
“hypernormal”” EEG, characterized by the prevalence of a highly stable and
synchronized alpha rhythm. Such a pattern has been found in patients
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with an unfavourable response to treatment with standard neuroleptics
[93, 94].

Galderisi et al. [95] investigated whether qEEG alterations before treat-
ment could discriminate between subjects with and those without a subse-
quent favourable response to neuroleptic treatment. Although responders
and non-responders showed significant group differences at baseline exam-
ination, the degree of overlap among individual values prevented a reliable
assignment of subjects to either group; changes in the slow alpha band
induced by a single dose of standard neuroleptic discriminated responders
from non-responders with an overall accuracy of 89.3%. A significant in-
crease of the slow alpha following neuroleptic treatment has been reported
by other authors [68, 96-103]. It is also worth noting that in non-responders
the administration of a single dose of a neuroleptic drug produced signifi-
cant changes in the slow alpha band, which in most cases were the opposite
of changes in responders. However, no significant gEEG change was ob-
served after six weeks of treatment in non-responders, which might suggest
that the observation reported by some authors that gEEG abnormalities in
subjects with schizophrenia are stable traits, not influenced by drug treat-
ment, applies to subjects with an unfavourable response to antipsychotic
drugs [104].

gEEG as a Tool for the Identification of Schizophrenia Subtypes. Two strategies
can be identified in the relevant literature: (a) subgroups are defined on the
basis of clinical features and their EEG characteristics are compared; (b)
subgroups are defined by either electrophysiological or other biological
characteristics, such as qEEG, quantitative ERPs or lateral ventricular en-
largement (LVE).

In studies carried out with the first strategy, patients have usually been
dichotomized, for example, as paranoid versus non-paranoid (paranoid
patients have higher amplitude for low and fast frequency rhythms), or
positive versus negative schizophrenia (subjects with negative schizophre-
nia have more delta activity than those with the positive subtype of the
syndrome) [105, 106]. Dichotomizing approaches to the psychopathology of
schizophrenia, however, have been questioned, and the lack of stability of
clinical subtypes represents a great limitation for research aimed at reducing
the clinico-biological heterogeneity of the syndrome and fostering know-
ledge of its pathogenetic mechanisms.

A limited number of studies have employed the second research strategy.
Karson et al. [72] reported that schizophrenic patients with reduced alpha
frequency have significantly increased ventricle to brain ratios compared to
other patients. The authors hypothesized that both LVE and reduced alpha
frequency in subjects with schizophrenia might be related to neuropatholo-
gical processes involving the thalamus. In a study by Kemali et al. [107],
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schizophrenic patients with LVE showed more alpha power and less beta
relative activity than those without LVE. Gambini et al. [108] also found an
increase of fast alpha (alpha-2) in patients with LVE.

The application of multivariate statistical methods allows control for the
enormous amount of parameters provided by multi-channel recordings of
the EEG (and its transformations into frequency bands). The most promis-
ing work in this direction was done by John and his group, who applied
principal component analysis (PCA) to a huge resting-EEG database of
controls and schizophrenic patients. They were able to identify patterns of
EEG parameters that were related to schizophrenic subsyndromes and
neuroleptic medication [87]. The system can be optimized to resemble
psychiatric diagnosis and might be helpful for reorienting the diagnostic
process while new insights on biologically defined schizophrenic subgroups
are awaited.

In a recent study, Sponheim et al. [104] examined EEG power abnormal-
ities, brain morphology, oculomotor functioning, electrodermal activity, and
nailfold plexus visibility in 112 patients with schizophrenia (54 first-episode,
58 chronic), 78 with non-schizophrenic psychosis (33 with bipolar disorder,
29 with a major depressive disorder and 16 with other psychoses) and 107
non-psychiatric controls. Almost all patients were receiving medication. The
two patient groups were subdivided in high and low “LFA” (augmented
low frequencies, diminished alpha factor). In the group of patients with
schizophrenia, those with high LFA exhibited more negative symptoms, a
wider third ventricle, larger frontal horns of the lateral ventricles, and larger
cortical sulci than those with low LFA; moreover, first-episode schizophre-
nic patients with high LFA showed worse oculomotor performance and
chronic patients with high LFA had more deviant electrodermal activation.
These associations were not observed in the group with non-schizophrenic
psychosis. The authors concluded that the association between EEG power
abnormalities on the one hand and negative symptoms, ventricular enlarge-
ment and oculomotor dysfunction on the other lends credence to recent
hypotheses identifying thalamic and prefrontal cortical pathology in schizo-
phrenia. Augmented low frequencies and reduced alpha are consistent with
a dysfunction in thalamocortical circuits, particularly in medial dorsal pre-
frontal networks.

qEEG Correlates of Psychopathological Features of Schizophrenia. Studies of
correlations between qEEG characteristics and psychopathological features
represent an attempt to overcome limitations of clinical subgrouping. Rela-
tionships have been reported between increased low frequency activity and
negative symptoms [75, 109, 110], as well as between decreased alpha activity
and negative symptoms [111, 112]. In a study carried out in 37 DSM-III-R
drug-free schizophrenic patients, a significant positive correlation between
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beta-2 relative power and disorganization was found. In the same group of
subjects a positive correlation between disorganization and speed in the
repetition of supraspan recurring spatial sequences was also observed, sug-
gesting a disinhibition of the right hemisphere temporolimbic regions as a
possible pathophysiological mechanism underlying disorganization [113]. In
a group of 40 patients receiving medication, Harris et al. [114] reported
significant positive correlations between psychomotor poverty and both
delta and beta power, between disorganization and delta activity, and be-
tween reality distortion and alpha-2 power. Discrepancies in the results
might be explained by the failure to deal with the issue of heterogeneity of
negative symptoms, and/or to separate out the influence of possible con-
founding variables, such as drug treatment and duration of illness.

Topography of qEEG Abnormalities. The most controversial finding sug-
gested by qEEG topographic studies has been the frontal localization of
increased slow activity. According to some investigators, the increase of
slow activities is confined to the frontal regions or, at least, is more pro-
nounced in these regions [70, 115-117], while for others it is diffused to the
whole scalp [72-74]. Karson et al. [71] demonstrated an important eye
movement contribution to the predominance of delta over the anterior
regions, showing that, after removal of EOG activity, the delta increase in
schizophrenic subjects is widespread.

It has been proposed that frontal localization of increased delta activity
may represent the electrophysiological correlate of hypofrontality reported
by brain imaging studies examining metabolism or regional cerebral blood
flow (rCBF). The few studies that have simultaneously investigated qEEG
and PET have reported discrepant findings [117, 118]. Guich et al. [117]
reported a negative correlation between positron emission tomography
(PET) metabolism measured during continuous performance task (CPT)
execution and frontal EEG delta power during the task. They interpreted
these findings as evidence that the delta increase over frontal regions repre-
sents the electrophysiological correlate of decreased metabolism. However,
Alper et al. [118] reported significant positive correlations between frontal
PET metabolism and relative delta qEEG power at rest, as well as between
subcortical metabolism and relative alpha power. According to these
authors, both increased metabolism and delta activity should be regarded
as correlates of cognitive activation, while increased subcortical metabolism
along with increased alpha power are possible correlates of neuroleptic
medication. The interpretation of Alper et al’s findings is impeded by
several methodological pitfalls, including the resting state, the small sample
size, the unavailability of simultaneous recording in four out of nine sub-
jects and the inclusion of medicated subjects. Increased delta relative power
has also been regarded as a sign of cognitive activation by Guenther et al.
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[119]. They found an increase of delta activity in healthy subjects during a
motor task, and an extreme increase of delta activity over the frontal and
central regions in type I schizophrenia, described by Crow [120] as charac-
terized by positive symptoms, good response to neuroleptic treatment and
dopaminergic hyperactivity. This was not found in subjects with type II
schizophrenia.

The increase in beta activity in schizophrenia has been reported as more
marked over the posterior quadrants of the scalp, either bilaterally [73] or
with a left-sided prevalence [115, 121]. Karson ef al. [72] found an increase of
fast beta over all left hemisphere leads.

The LORETA analysis of the multi-channel resting EEG in acute and never-
treated first-episode schizophrenics showed distinctive features for the dif-
ferent EEG frequencies. Three patterns of activity were described in these
patients: (a) an anterior, bilateral, nearly symmetrical increase of delta activ-
ity; (b) an anterior-inferior deficit of theta frequencies along with an anterior-
inferior left-sided deficit of alpha-1 and alpha-2 activity; and (c) a posterior-
superior right-sided excess of beta-1, beta-2 and beta-3 frequency activity
[122]. Deviations from normal brain activity were demonstrated by LORETA
in patients along an anterior-left/ posterior-right axis. The EEG features were
specified not only as excess or deficit, but also as inhibitory, normal and
excitatory. The patients showed a regionally discordant brain functional
state, i.e. while prefrontal/frontal areas were inhibited, right parietal areas
were simultaneously overexcited; left anterior, left temporal and left central
areas, on the other hand, did not show the expected normal activity [122].
Interestingly enough, there are hints on dysfunctions involving the left-right
hemispheric asymmetry, with overactivity in areas supposed to be active
during mental imagery and underactivation of regions containing the spe-
cialized sensory and motor language processing areas.

More recently, several studies have investigated the qEEG oscillatory
responses, coherence and complexity. The photic driving response (PDR)
involves the synchronization of the EEG rhythm with the frequency (or its
harmonics) of the photic stimulation. Studies investigating the PDR in drug-
free or drug-naive patients have found deficits in the frequency range of the
alpha band (10-12Hz) [35, 79, 123-125]. One study showed that the PDR
was normalized by treatment with neuroleptic drugs in responders to these
drugs [126]. A study investigating the PDR in patients with a major depres-
sive episode showed increased synchronization in the alpha range for this
diagnostic group with respect to both patients with schizophrenia and
healthy controls [125]. The authors interpreted the findings as signs of
dysfunctional thalamocortical circuits involved in alpha generation in
schizophrenia and abnormal arousal functions in depression.

Elevated gamma oscillations have been reported to coincide with hallu-
cinations in a patient when medicated and unmedicated [127]. Evoked
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gamma responses, i.e. gamma responses that are time- and phase-locked to
the stimulus, were investigated by 20- to 40-Hz auditory stimulation in
medicated patients with schizophrenia [34]. Results indicated a deficit of
the 40-Hz response and an increased phase delay in patients with respect to
healthy controls. A reduction in gamma activity was shown to mediate the
sensory gating deficit measured by the P50 paradigm in schizophrenia [128].
On the whole, the 40-Hz abnormality found in patients with schizophrenia
might index a basic dysfunction in perceptual processes requiring fast
temporal integration, probably due to altered functional connectivity in
the cortex. A recent study has investigated induced gamma power, i.e. a
gamma response that is time-locked but not phase-locked to the stimulus,
during a standard odd-ball auditory task in medicated patients with schizo-
phrenia and matched healthy controls [129]. The gamma response for both
target and standard tones, 200-600 milliseconds after stimulus onset, was
reduced in patients compared to controls. The target gamma response was
negatively correlated with the Positive and Negative Syndrome Scale
(PANSS) total score in patients. Gordon et al. [130] reported further associ-
ations between gamma abnormalities and psychopathological dimensions
of schizophrenia. Induced gamma amplitude for target stimuli correlated
positively with reality distortion, indicating an automatic overprocessing of
task-related information, and negatively with psychomotor poverty, pos-
sibly reflecting a shut-down of information processing. Induced gamma
amplitude for non-target stimuli correlated negatively with disorganization,
suggesting inadequate processing of task-irrelevant information. The inter-
pretation of the findings remains speculative, since the functional role of
induced gamma activity is poorly understood and more experimental work
is needed to clarify it. The confounding role of drug treatment has not been
adequately addressed in all the studies.

Coherence research in schizophrenia has yielded inconclusive results.
There have been reports of either an increase of coherence in the delta,
theta and beta bands [131-133] or a reduction in the same bands as well as
in the alpha band [88, 134-137]. Discrepant findings might be related to
differences in methodological approaches and patient medication status.

Research on non-linear dynamics of the EEG in schizophrenia has pro-
duced a more coherent picture of altered coordination of brain processes
during both rest and cognition. In medicated patients at rest, with respect to
controls, dimensional complexity was shown to be higher and to have an
opposite distribution, with higher values over frontal than the central elec-
trodes [138]. The findings were interpreted as expressing poor coordination
of frontal activities in patients. First-episode drug-naive patients with
schizophrenia had higher values of dimensional complexity in the left
temporo-parietal lead, but not in the parietal-occipital leads, than healthy
controls, while this abnormality was not present in drug-free remitted
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schizophrenic patients and in neurotic subjects [86, 139]. More recently,
dimensional complexity from both single- and multi-channel data, as well
as the global and regional omega complexity, were assessed in a small
group of first-episode drug-naive patients with schizophrenia and healthy
controls [140]. The results showed an increase of both the anterior regional
omega and dimensional complexity, again favouring the hypothesis of
loosened coordination of the active brain processes. The study also pro-
vided evidence that the abnormality was specific to the anterior regions of
the scalp. Kirsch et al. [141] reported that, with respect to healthy controls,
remitted, medicated patients with schizophrenia showed similar values of
the dimensional complexity at baseline and while viewing an emotionally
challenging movie. These findings are consistent with the hypothesis of
Koukkou et al. [86, 139] that a loose coordination of brain processes is a
state marker of acute psychosis. However, in the same study, higher values
of complexity were found in patients with respect to controls during the
execution of the CPT, due to the fact that in healthy controls a reduction of
complexity values was observed during the task. The authors discussed
these findings in terms of reduced adaptation of the information processing
system to cognitive tasks in patients with schizophrenia. To our knowledge,
only one study has evaluated the Lyapunov exponent in schizophrenia
during wakefulness [50]. The results showed a decrease in the exponent in
medicated schizophrenic versus healthy subjects in fronto-temporal areas,
indicating reduced flexibility of neural networks in schizophrenia.

Event-Related Potentials

Evoked potential studies have provided extensive evidence of abnormalities
atboth early and later stages of information processing in schizophrenia [64].
Here the emphasis will be on earlier processing to complement the cognitive
literature, which has in general focused on later stages of processing. Brain-
stem auditory evoked potentials have revealed in some patients either per-
manent or transitory anomalies arising at different stages of transmission
from the auditory pathways, through the brainstem to thalamic nuclei [142,
143]. Functional abnormalities have coincided with auditory hallucinations,
as well as with negative symptoms, disappearing with clinical improvement
[143]. Sensory evoked potential abnormalities have reflected both facilitatory
(hyper-reactivity) and inhibitory (slower transmission and delayed recovery)
processes, and in some instances these may coexist, as exemplified by shorter
latencies together with attenuated amplitudes [144, 145]. There have com-
monly been syndrome differences, such as hypersensitivity and excitability
to median nerve stimulation in chronic undifferentiated, chronic paranoid
and schizoaffective schizophrenia, in contrast to acute and latent subtypes
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[145]. Thought disorder in chronic schizophrenia has been associated with
abnormally short auditory P50 latencies, while hallucinations have been
associated with abnormally slow visual ERP recovery [146, 147]. In sum,
deficits seem to be more consistent with a dysregulation of sensory input
than with increased or decreased transmission. These abnormalities may be
asymmetrical. Lateral asymmetry in the auditory modality in favour of the
normal contralateral amplitude advantage was absent in more than half of
schizophrenic patients [148], while in the visual modality the normal left
hemisphere advantage was found to be reversed [149]. Disordered interhemi-
spheric interactions have been supported by somatosensory ERPs to unilat-
eral stimulation. There have been several reports of an apparent bilateral
symmetry of amplitude instead of the normal larger contralateral response,
and an abnormally short ipsilateral latency incompatible with the delay that
should occur by virtue of callosal crossing (see [150] for review). While
interpreted as evidence of structural abnormalities in the callosum, or in
ipsilateral pathways, or both, the reduction of the abnormality with clinical
improvement suggests a functional underpinning [151]. Andrews et al. [152]
found that the abnormality was characteristic of patients with a withdrawn
but not activated syndrome.

Anomalies of stimulus intensity control at around 100 milliseconds have
been demonstrated in schizophrenia. It has been suggested that such anom-
alies are underpinned by irregularities of EEG desynchronization involving
thalamocortical gating [64, 153]. In schizophrenia, an increase in potential
with increasing intensity (augmenting) has been associated with paranoid
and acute syndromes, whereas a decrease in potential with increasing
intensity (reducing) has been associated with non-paranoid and chronic
syndromes. The importance of a dimensional approach along with topog-
raphy has been suggested by differential associations with activated, with-
drawn and reality distortion syndromes [154, 155], whereas categorical
approaches, such as comparisons between first-episode schizophrenic, schi-
zophreniform, bipolar depressive and major depressive patients and first-
degree relatives and controls, have been unsuccessful [156].

Abnormalities have been demonstrated in the maintenance of attention
required in simple procedures of detecting target stimuli in a train of stand-
ard stimuli. Attenuation of the N100 has characterized undifferentiated/
disorganized schizophrenia, whereas later P200 and P300 components have
been found to be attenuated in paranoid schizophrenia as well [157]. These
reductions have also been found in obligate carriers, i.e. those parents who
carry the genetic inheritance [158], but not in children at genetic risk [159],
while patients with schizotypal personality disorders have shown results
intermediate between those of schizophrenic patients and controls [160].
MMN has been found to be reduced in schizophrenia by a number of investi-
gators [161, 162]. Similarly, the P300 component to odd-ball stimuli is
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commonly reduced in schizophrenia [163, 164]. Egan et al. [165] also found
that positive correlations between the P300 and the earlier N200 distinguish
schizophrenic patients from controls. The reduction of the P300 in schizo-
phrenia was found to be associated with the negative symptoms [166-168]
and a worse outcome [169]. However, there is as yet no clear symptom
relation (see [64] for review).

Reports of lateral asymmetry in the P300 with left-hemisphere amplitude
reductions and right lateralization of the P300 positivity were first provided
by Morstyn et al. [170]. They were only described by groups using the P300
paradigm with silent counting and the auditory modality. Motor response
and the visual stimulation do not appear to evoke asymmetries of the P300 in
schizophrenia. A further source of inconsistencies is heterogeneity of the
patient groups [171, 172]. The typical P300 asymmetries with left-hemisphere
amplitude reductions were shown to be present only in chronic and sub-
chronic schizophrenia [173], and to be associated with volume reductions of
the left posterior-superior temporal lobe [164] and with deficits in a neuro-
psychological test of verbal, but not of visual, figure processing [168]. The
latter findings were interpreted as an expression of deficits of left temporal
functions in core schizophrenia, possibly related to the typical language-
related symptoms such as incoherence and hallucinated speech.

Gruzelier et al. [172] found that the syndrome-asymmetry relations ob-
served for P300 were also present at the earlier N100 and P200 components,
supporting a generalized thalamo-cortical activation imbalance rather than
a circumscribed memory deficit.

Recently, a patient group within the schizophrenia spectrum was identi-
fied as having increased P300 amplitudes, which have not been described for
any other psychiatric diagnosis. The patients were classified according to the
ICD-10 diagnosis of acute polymorphous psychosis, which is to be considered
as a compromise among the European concepts of cycloid psychosis, bouffée
délirante and acute reactive psychosis. The P300 amplitude increase in this
group was accompanied by a symmetrical, i.e. normal, field configuration
and is therefore specific for this diagnosis, distinguishing it from core schizo-
phrenia on the one hand and from mania on the other [169]. The finding is in
line with single photon emission tomography (SPECT) studies showing
increased rCBF in cycloid psychosis and in differently defined groups of
acute psychosis with emotional turmoil, and gives clues for a neuro-
physiological interpretation of these very dramatic clinical pictures with
excellent prognosis in terms of generalized over-arousal (see [6] for review).

Evoked potential abnormalities in two-stimulus (S1, S2) paradigms have
confirmed sensory gating abnormalities in schizophrenia. These have taken
the form of a failure of the normal facilitation of S2 that occurs with intervals
up to 100 milliseconds and a failure of suppression over longer intervals,
from about 500 milliseconds to 2 seconds, intervals in which inhibitory effects
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mediated by thalamo-cortical and limbic pathways normally operate. Shagass
[144] reported failure of facilitation in chronic schizophrenia as well as in
bipolar and unipolar depression. Freedman et al. have pioneered research on
the loss of suppression at longer intervals [174]. Not all investigators have
been able to replicate the loss of P50 suppression in schizophrenia, and no
symptom relationships have yet been agreed on. Possible reasons for this are
that P50 suppression has been calculated as a ratio between S1 and S2,
obscuring differential changes in response to the two stimuli, while averaging
over trials obscures habituation and sensitization effects. The latter are im-
portant, because the loss of P50 suppression in schizophrenia has been attrib-
uted to desensitization of the oy nicotinic receptor. In keeping with these
surmises, abnormalities in response to S1 have been associated with positive
symptoms of schizophrenia [175] and the unreality dimension of schizotypy
[176], while abnormal differential habituation to the two stimuli has also been
associated with “unreality”” [176]. A loss of suppression has been associated
only with disorganized and undifferentiated schizophrenia [177, 178]. Con-
sistent with P50 anomalies in psychometrically defined schizotypy, a loss of
P50 suppression has been found in about 50% of patientrelatives, suggesting a
genetic influence [179]. From a study of obligate carriers, Freedman et al. have
concluded that the gating deficit may predispose to schizophrenia, but add-
itional hippocampal pathology may be necessary for the psychosis to develop
[180]. Hippocampal volume may be one such factor, since in a sibling study,
while schizophrenic and non-schizophrenic siblings shared the P50 gating
deficit, hippocampal volumes were reduced only in the siblings with schizo-
phrenia [181]. Furthermore, Waldo ef al. [181] reported that while P50 sup-
pression failure coexisted with N100 diminution in schizophrenic patients, in
those relatives with the P50 suppression impairment, N100 amplitudes were
larger than normal, which was interpreted as a compensatory mechanism.
The a7 receptor, sensitization of which is thought to underpin P50 suppres-
sion, is expressed in cortical neurons as part of the response to afferent
innervation, engendering functional connection between thalamic and basal
forebrain cholinergic afferents. While widely distributed in the brain, it is
found in the CA3region of the hippocampus and in the reticular nucleus of the
thalamus. In this regard, Clementz et al. [128] have shown that the P50 may be
a subcomponent of the fast transient gamma band response emanating from
thalamic mechanisms, while Erwin ef al. [175] found it mirrored in the P100
recovery cycle of similar origin.

Peripheral Measures

Sensory gating has also been examined in schizophrenia with the startle blink
to aloud noise and the inhibitory influences of a lead pre-pulse, usually in the



146 PSYCHIATRY AS A NEUROSCIENCE

form of a weak auditory stimulus, PP1[182]. Applications to individuals with
schizophrenia spectrum disorders have shown that PPI is diminished in
schizophrenia [182] and in schizotypal patients having both positive and ne-
gative symptoms [183]. At the same time, there have been negative reports in
schizophrenia [184] and in psychometrically defined schizotypy [185]. Inter-
est in PPI has led to examination of the habituation of the startle response;
deficits in the two have been found to be correlated, suggesting a shared
central mechanism [186]. In many but not all schizophrenic patients, habitu-
ation of startle is retarded [187-189]. The PPI deficit has been associated with
thought disorder and is impaired in patients with Wisconsin Card Sorting
deficits. In chronic patients, PPIsuppression has been associated with distract-
ibility on the CPT and lateralized inattention on the Posner task (see [64] for
review). While recent-onset schizophrenic patients who were relatively
asymptomatic failed to demonstrate PPl in the conventional passive attention
paradigm, they did manifest a deficitin conditions where they attended to the
pre-pulse [184]. This was a condition requiring greater involvement of des-
cending forebrain influences and controlled rather than automatic processes.

Eye movement recording has disclosed deviant smooth pursuit eye
tracking with intrusive saccadic eye movements [190]. This has been pro-
moted as a genetic marker of schizophrenia, with evidence of deviant
tracking in family members [191]. Siever et al. [192] identified the same
abnormality in college students with a schizotypal personality diagnosis.
Evidence of a functional basis to the deficit follows the demonstration in
recent-onset schizophrenia of improvement by attentional manipulations,
suggesting an association with diminished voluntary attention [193], in
keeping with frontal involvement in smooth pursuit tracking [194].

Electrodermal recording in schizophrenia identified two patient sub-
groups, one with heightened responsivity and delayed or irregular habitu-
ation to the repetition of passive orienting stimuli, while the other failed to
respond [195]. Non-responsiveness, the focus of initial enquiry encouraged
by deficit models of schizophrenia, has in fact remained enigmatic and is in
all probability heterogeneous in causation [196]. Greater clarity has followed
investigation on heightened responsiveness, and, contrary to the expectations
of many, in a recent review Dawson and Schell [197] concluded that, with few
exceptions, it is heightened responsiveness that has proved to be the sign of
poor symptomatic prognosis and poor social and occupational outcome. This
isin keeping with stress—diathesis models of schizophrenia, given associations
between delayed habituation of responses and stress. Similarly, in schizotypy,
areview of the literature suggested that responsiveness, particularly irregular
responding including sensitization, rather than non-responding, may prove to
be the hallmark, and may accompany disorganization [198].

Classifying patients on the basis of lateral asymmetry in electrodermal
orienting response amplitude has delineated contrasting activated and with-
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drawn syndromes in schizophrenia [199]. Activated patients have greater
right-hemisphericactivation and withdrawn patients greater left-hemispheric
activation. A wide range of psychophysiological and neurocognitive evidence
has been seen to support this finding [153, 200]. This has led to a syndrome
asymmetry model, whereby cardinal aspects of positive and negative symp-
toms arise from imbalances in lateralized thalamo-cortical arousal systems,
and symptom expression is in keeping with theories of approach/withdrawal,
thought to involve left and right hemisphere activation respectively [172, 196,
200]. In schizophrenia, eye movement recording of spontaneous lateral devia-
tions from a central fixation showed opposite rightward versus leftward de-
viations in excited versus socially withdrawn patients, while eye movements
during a letter matrix visual search task depicted serial (left hemisphere)
versus gestalt (right hemisphere) scan paths respectively [201, 202]. Eye move-
ment recording in socially withdrawn patients during visual retention of
complex figures showed evidence of relative neglect of the right side of
space in memory performance, which was corroborated by fewer rightward
eye movements [203]. Motor neuron excitability, measured with the Hoffman
reflex, which has been associated with cognitive asymmetries in schizophre-
nia, revealed in unmedicated patients an association between withdrawal-
retardation and a dominance of right-hemisphere influences, while the oppos-
ite asymmetry was associated with agitation [204, 205]. Opposite cognitive
asymmetries have been found to distinguish high versus low heart rate vari-
ability subgroups of schizophrenic and schizoaffective patients, characterized
respectively by excitement and withdrawal [206]. P300 asymmetries recorded
from posterior temporal placements in activated and withdrawn patients
provided a test of the model [172], while there has been replication of electro-
dermal findings through opposite asymmetries in withdrawn schizophrenic
patients [207] and positive schizotypy [208].

The functional nature of hemispheric imbalance in schizophrenia and
schizophrenia spectrum disorders is indicated by evidence of reversals in
asymmetry with changes in symptom profile, clinical recovery and neuro-
leptic treatment (see [153] for review). It is proposed that the asymmetries
arise from influences of genes, hormones and early experience, including
stressors, on lateralization of thalamo-cortical non-specific arousal systems,
which precede language development and underpin approach/withdrawal
behaviour, manifested in temperament, personality and clinical syndromes.

Affective Disorders

Quantitative EEG

Increases of alpha [209-211] and/or beta [211-213] activity have frequently
been reported in subjects with depressive disorders compared with healthy
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controls. Increased slow-wave activity, generally observed in subjects with
dementia, has been found in elderly depressed patients by some authors,
though to a lesser degree [210, 214, 215]. Studies investigating early- and
late-onset depressed patients failed to find differences between the two
groups, but reported a relationship between increased delta-wave activity
and poor performance on several neurocognitive tests in patients with late-
onset depression [216, 217].

According to some authors, alpha power is greater over the left than the
right frontal regions in currently or previously depressed patients [218, 219]
and in subclinically depressed students [209, 220], while the opposite asym-
metry pattern (alpha power higher over the right than over the left) has been
found for the parietal regions in currently or previously depressed subjects
[218,220]. As alpha power suppression has been interpreted as reflecting cor-
tical activation, the frontal asymmetry pattern might be due to decreased left
frontal activation and would be associated with a deficit in approach-related
behaviours [221]. The parietal asymmetry pattern might instead be associated
with cognitive deficits suggesting right posterior dysfunction in depression
[220,222]. The parietal asymmetry remains a controversial finding, since it has
not been found by some authors in either depressed students or subjects with
major depression [209, 219]. Bruder et al. [223] demonstrated that the presence
of anxiety in the clinical picture influences the laterality pattern observed over
the posterior regions. Non-anxious depressed patients showed more alpha
activity (less activation) over the right than over the left posterior leads,
whereas anxious depressed patients showed the opposite pattern.

Mania has been neglected in qEEG studies, probably because of the diffi-
culty of obtaining cooperation from these patients, especially when unmedi-
cated. Shagass et al. [224] found that patients with mania have higher EEG
frequencies and greater variability than those with depression. Small et al.
[225] recorded qEEG in 37 patients who were able to cooperate after a drug-
free period and again on completion of a period of pharmacotherapy. At
baseline, non-responders to pharmacotherapy had more fast theta activity
(6-8 Hz) than responders all over the scalp. After treatment, non-responders
had more delta and theta over frontal and temporal regions, as well as more
beta-1 activity over left temporal leads. In bipolar subjects left-hemisphere
abnormalities have been reported, akin to those in schizophrenia [226, 228].

The study of brain electrical microstates has shown a significantly in-
creased topographical variability in depressive patients, i.e. the spatial
changes of the fields were more frequent per time unit and had a greater
magnitude than in healthy controls. The spatial configuration of the micro-
states, however, did not differ between patients and controls. On the basis of
previous results in healthy volunteers during spontaneous cognition and in
other patient groups, the findings were explained by formal alterations of
the cognition stream in depression rather than by functional over-recruit-
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ment/under-representation of specific brain areas as described in schizo-
phrenic patients. Automatic and schematic processing as well as attention
deficits have been described in depressive patients and might account for
the finding of less sustained brain electrical microstates [228].

Event-Related Potentials

ERPs are impaired during severe depressive episodes. The most consistent
finding is amplitude reductions of the P300 component. The reductions
have been found to be less pronounced than in schizophrenia and disappear
after the remission of the depressive disorder [229]. They are to be con-
sidered, therefore, as a state marker of depression. The clinical benefit of the
parameter is probably quite limited, since it is suspected to be an expression
of a motivational deficit, and, owing to the presence of P300 amplitude
reductions in many psychiatric conditions, no actual contribution for differ-
ential diagnosis may be expected.

Surprisingly, P300 studies on manic patients have been published only
recently. The first study showed a normal global field strength with slightly
reduced amplitudes at central electrode sites combined with a distinctive
topographical pattern with relative amplitude reductions in frontal areas.
This leads to a shift towards posterior regions of the P300 positivity. By
analogy with recent findings of the P300 features in a Go-NoGo paradigm,
the result was interpreted as a sign of reduced inhibitory frontal control in
mania instead of general cerebral overactivity [230]. This result was con-
firmed by an independent group with the same interpretation [231]. Further
support for this interesting neurophysiological interpretation of manic psy-
chopathology (disinhibition instead of overexcitation) came from a recent
PET study showing a reduction of frontal activity in mania [232].

The early P50, considered to be an expression of sensory gating, is altered
in acute mania: the normal P50 amplitude reduction after repetition of the
stimulus is missing during the acute episode. However, this feature returns
to normality after remission of the disorder. The acute finding is not distin-
guishable from the one described in schizophrenia. The CNV tends to be
reduced in depressive patients. This amplitude reduction correlates nega-
tively with the severity of depression [233]. However, a subgroup of depres-
sive patients with increased dopamine reactivity in the apomorphine test
had increased instead of reduced CNV amplitudes [234].

ERPs have been widely investigated in relation to depression. As yet,
however, there is no diagnostic specificity [235]. A common finding has
been longer P300 latency, with further prolongation of latency accompany-
ing cognitive deterioration as also found in Alzheimer’s disease [236, 237].
Comparisons of elderly patients with unipolar affective disorder have
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indicated that late-onset patients showed more evidence of structural
changes on MRI than did early-onset cases, whereas impairments in ERPs
and cognitive functions were independent of both age at onset and structural
changes, and, importantly, persisted after recovery from depression [217].
Topographical considerations are important but little explored and may
distinguish bipolar disorder from schizophrenia [238, 239]. Buchsbaum et al.
[240] examined a bipolar patient through five regular and rapid switches
from mania to depression, finding that changes in the P200 amplitude were
synchronous with the switches, decreasing at the vertex and increasing
occipitally with mania. Altered stimulus dependency relations, revealed
with the P100, preceded the switch from depression to mania by 8-10 days.

Peripheral Measures

Abnormal eye tracking has been found in bipolar patients [190, 241, 242].
While Holzman et al. [190] considered that in bipolar patients this might be
an artefact of lithium treatment, in a careful study of patients on and off
medication Gooding et al. [242] have ruled out this possibility. Levy et al.
[243] in a study of first-degree relatives, found that, whereas in schizophre-
nia smooth pursuit abnormalities were in evidence in family members, they
were no more prevalent in the relatives of patients with unipolar and
bipolar affective disorders than in normal individuals without a family
history of major psychoses.

Affective disorders have been examined for dysregulated electrodermal
activity. Whereas one hypothesis has been that mania and depression may be
characterized by opposite extremes of activity, this does not appear to be the
case. On the whole, low responsiveness has been representative of both
unipolar and bipolar affective disorders. Electrodermal non-responding
has been reported in as high a proportion of acutely ill manic as in schizo-
phrenic patients [244], and in endogenous depression [245]. Electrodermal
activity was found to be uniformly lower in both passive, non-signal condi-
tions and task conditions in remitted unipolar and bipolar patients compared
with controls [246]. Furthermore, in a comparison of depressive subtypes,
unipolar and bipolar patients could not be distinguished, nor could respond-
ers to the dexamethasone suppression test, though a symptom profile of
psychomotor retardation was found to be associated with lower tonic activity
in both unipolar and bipolar patients [247]. Bilateral recording has been
informative. In order to determine whether non-responsiveness was a trait
marker for depression, electrodermal activity was recorded in children of
bipolar parents in response to non-signal orienting tones and during reaction
time and mental arithmetic tasks [248]. Only during tasks were the children
at genetic risk distinguished from controls, when in fact they displayed
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evidence of hyper-responsiveness, particularly in left-hand responses, and
this coincided with higher self-rated depression. Larger left- than right-hand
responses to non-signal stimuli had earlier been reported in endogenous
depression [249, 250]. This was subsequently reported in college students
described as subsyndromal and at risk for bipolar disorder [251], in whom
there was also a bias towards leftward conjugate eye movements in response
to cognitive problems. Together the laterality measures provided evidence of
right-hemispheric hyperexcitability. However, in contradiction to these stud-
ies, lacono and Tuason [246] were unable to detect consistent lateral asym-
metries in electrodermal activity in unipolar and bipolar patients.

Anxiety Disorders
Quantitative EEG

Early qEEG studies carried out in patients with obsessive-compulsive dis-
order (OCD) have reported either no difference or a reduced absolute power
for all investigated frequency bands, with respect to healthy controls [212,
252]. However, these studies were carried out in patients on medication and
in whom depressive comorbidity was not controlled for. In a study of non-
depressed, drug-free OCD patients, compared with healthy controls, a
reduction of delta, beta-1 and beta-2 absolute and relative power was
reported, as well as an increase of alpha relative power [253]. The same
study found higher hemispheric asymmetry indices (L — R/L + R) for all
frequency bands in OCD patients. The higher asymmetry index for beta-2
power was associated with worse performance on a visuospatial task and
better execution of the logical memory scale, indicating greater left than
right hemisphere activation in OCD patients. Discrepant results were
reported [254]. Non-depressed, drug-free OCD patients showed an increase
of power in delta, theta and beta bands over anterior regions compared to
healthy controls. Four of these patients who were investigated after six
weeks of treatment with fluoxetine or clomipramine showed a reduction
of delta and theta power from baseline. The same patients showed a reduc-
tion after treatment of frontal and caudate blood flow as assessed by SPECT.
The authors interpreted the increase of slow activity at baseline as a correl-
ate of frontal hyperactivity shown by the SPECT evaluation.

Apart from several methodological factors, such as differences in the calcu-
lation of power measures and the definition of frequency bands, discrepancies
in the results of the qEEG studies in OCD patients might be due to a biological
heterogeneity of the disorder, as suggested by some authors [255]. In fact, OCD
patients with an excess of frontal theta before treatment were shown to be non-
responders to serotonin reuptake inhibitors, while patients with an excess of
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alpha power wereresponders. Noreplication of these data has been published
to date and, therefore, they should be considered as preliminary.

Relations between qEEG abnormalities and OCD symptoms have mostly
been neglected. A recent study reported a reduction of slow alpha band
absolute and relative power in drug-free non-depressed OCD subjects, as
compared with healthy controls, which correlated with slowness on execu-
tive tests [256]. Since slow alpha desynchronization is related to increased
attentional allocation, and neuropsychological slowness on executive tasks
might suggest a hyperactivity of the supervisory attentional system, the
results of this study are in line with brain imaging evidence of increased
activation of circuits involved in attention and executive control in OCD
patients. The only study investigating qEEG changes induced by symptom
provocation in OCD patients [257] found a decrease of alpha power with
respect to baseline over anterior regions during live exposure to feared
contaminants. The authors considered their findings in line with functional
brain imaging evidence of increased activation of anterior regions during
symptom provocation in OCD patients [258-260].

Patients with panic disorder (PD) have shown increased absolute delta,
theta and alpha power and reduced beta relative power when compared
with healthy controls [261]. In the same study, subjective ratings of anxiety
during the EEG recording correlated positively with relative beta power,
while anticipatory anxiety correlated inversely with both delta and theta
absolute power. Reduced alpha power in the right frontal region, with a
frontal brain asymmetry favouring right hemisphere activation, was found at
rest and during the presentation of both negative and positive emotional
stimuli in drug-free patients with PD [262]. The same asymmetry was absent
during the presentation of neutral stimuli. The frontal asymmetry index
correlated with state anxiety scores. The findings were interpreted as a sign
of increased activation of the avoidance-withdrawal right hemisphere
system in PD. An activation of right prefrontal brain regions has also been
found in subjects with social phobia when anticipating a public speech [263].

Event-Related Potentials

ERP studies in patients with OCD have consistently found reduced latencies
of N200 and P300 with respect to healthy controls, for both auditory and
visual stimuli [264-266]. Findings concerning the amplitude of the same
ERP components in patients compared with healthy controls were inconsist-
ent [264, 265, 267, 268].

Studies that have examined the difference wave between ERP waveforms
elicited by salient and unattended stimuli reported an increase of the so-
called processing negativities (such as the mismatch negativity) for both
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early and late phases in OCD patients versus healthy controls [268]. The
reduced latencies of the late ERP components, the lack of latency increase of
the same components for difficult versus easy tasks and the increased ampli-
tude of the processing negativities led to the conclusion that OCD patients
might present an overfocused attention to salient stimuli [268]. A recent study
reported that the “error-related negativity”” (a negative ERP component
occurring at the moment of an error during cognitive tasks, reflecting moni-
toring of actions and involving the activity of the cingulate cortex) is in-
creased in patients with OCD versus healthy controls [269]. The amplitude
of the component correlated with symptom severity. This study also ana-
lysed, by dipole modelling, the source of the activity enhancement in OCD
patients, reporting a medial frontal locus possibly involving the anterior
cingulate cortex.

Abnormalities of early processing have been implicated in PD through
ERP recording. Iwanami et al. [270] recorded the P300 in a conventional two-
tone odd-ball task. While there was no difference in the P300 in the com-
parison with controls, patients with PD showed elevated N100 components
to both standard and target stimuli and elevated N200 amplitudes to target
stimuli. Neither panic nor anticipatory anxiety seem to affect P300. Grillon
and Ameli [271] found that in normal subjects the anticipation of electric
shocks had no effect on P300. Slow cortical potential recording in PD pa-
tients has shown that body-related words produced enhanced positive
potentials, a reduction of which over more than a year correlated with
symptom improvement on an anxiety scale [272].

ERP brain electrical microstates have recently been investigated in patients
with PD [273]. Results showed deviations of microstate topography in PD
patients versus healthy subjects, during both early and late processing
phases. In particular, the first microstate topographic descriptor showed a
rightward shift, while that of the fourth microstate, corresponding to the ERP
late positive complex (LPC), presented a leftward shift. The findings indi-
cated overactivation of the right-hemisphere circuits involved in early visual
processing, and hypoactivation of the right-hemisphere networks involved in
the generation of the LPC. The topographic abnormalities of the LPC micro-
state were associated with worse performance on a test exploring temporo-
hippocampal functioning and with a higher number of panic attacks, sug-
gesting a pathogenetic role of the temporo-hippocampal dysfunction in PD.

Preattentive processing in the form of auditory memory has been impli-
cated in post-traumatic stress disorder (PTSD) [274]. An augmented MMN
wave was found in PTSD, compared with controls, and was associated with
sexual assault. Importantly, the amplitude of MMN correlated positively
with a PTSD symptom scale. Similarly, symptom subgroups have been
revealed that correlate with auditory ERP patterns of augmenting and redu-
cing in children with and without PTSD who have suffered physical and/or
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sexual abuse [275]. Those with PTSD were characterized by an augmenting
pattern in the P200-N200 component, while the same pattern was also asso-
ciated with a high number of re-experiencing trauma-related symptoms,
whether or not there was PTSD. Independent of PTSD, arousal symptoms,
including startle and hypervigilance, were associated with a reducing pattern.

Peripheral Measures

Measurement of electrodermal activity has revealed some parallels with
findings in affective disorders, particularly with regard to nosological cat-
egories and lateral asymmetry. On the whole, there has been little success in
using electrodermal activity or other autonomic indices for the purposes of
differential diagnosis amongst anxiety disorders, but there have been symp-
tom relations, especially when hemispheric influences were taken into ac-
count. In general, anxiety has been associated with an over-reactive pattern
in normal subjects [276], and some clear differences have been shown when
patients are compared with controls, such as elevated electrodermal levels
and a high incidence of non-specific responses in anxiety neurotics and
patients with agitated depression [277].

Distinguishing amongst patient diagnoses has been more challenging.
With a stepwise regression analysis, Rabavilas [278] failed in an attempt to
use electrodermal orienting and habituation to distinguish patients with
generalized anxiety, phobia, obsessive-compulsive, dysthymic and conver-
sion disorders. Argyle [279] compared PD patients with and without major
depression with regard to differences in tonic skin conductance levels.
There was some evidence of lower tonic levels in panic associated with
depression, and the wide variance in those without depression was suggest-
ive of a different aetiology of panic associated with depression compared
with primary depression. Kopp et al. [280] compared PD patients with and
without agoraphobia with regard to relations between electrodermal lability
and the suppression of cortisol with dexamethasone. Higher electrodermal
lability and slower habituation was associated with higher basal cortisol,
whereas those who were rapid habituators showed lower basal cortisol and
cortisol suppression. These two patterns of results, which were suggestive
of different patterns of hypothalamic—pituitary—adrenal dysregulation,
could not be discriminated on the basis of psychiatric classification.

Consideration of lateral asymmetry may prove useful, as it has been in
schizophrenia and affective disorders in delineating syndrome relations. In
students, while high anxiety was associated with slow habituation of elec-
trodermal responses, lateral asymmetry was related to degree of anxiety
and gave clues to differences in the quality of anxiety [281]. Students with
greater left-hemispheric excitability were characterized by cognitive aspects
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of anxiety such as apprehension-worrying, frustration-tension and suspi-
cion, whereas those with greater right-hemispheric excitability were char-
acterized more by non-specific features such as emotional instability and
lack of self-control. Kopp and Gruzelier [282] and Kopp [283] subdivided
DSM-III anxiety disorders (generalized anxiety, panic and panic with agora-
phobia) according to electrodermal lability. Both lability and lateral asym-
metries in specific electrodermal responses distinguished generalized
anxiety patients from panic patients: higher on the left hand of the panic
patients, who were the most labile, and higher on the right hand of the
generalized anxiety patients, who were at an intermediate level of lability
between controls and panic patients. In sum, the results were in keeping
with hemispheric specialization; generalized, non-verbal, non-specific anx-
iety associated with the right hemisphere, and specific, apprehensive, ver-
balizable anxiety associated with the left hemisphere.

Germane to this, Papousek and Schulter [284] found that relations be-
tween extremes of normal affect and electrodermal reactivity were clarified
by taking into account the topography of hemispheric influences measured
with the EEG and quality of affect in terms of anxiety and depression. A
positive relation between anxiety and higher electrodermal responsiveness
was associated with greater right-hemispheric activation in orbitofrontal
cortex, whereas depression was positively associated with higher electro-
dermal responsiveness when there was greater left than right hemispheric
activation in dorsolateral prefrontal cortex.

Psychophysiological recording with measures including electrodermal
responsiveness, heart rate, blood pressure, skin temperature and EMG
responses, eye blink and eye fixation has provided insights into the nature
of dysfunctional processing. Phobic patients have on the whole been char-
acterized by exaggerated responses to phobic stimuli. Roth et al. [285]
reported higher tonic levels of skin conductance and heart rate among
panic patients with agoraphobia than in healthy controls. Segerstrom et al.
[286] demonstrated that worriers showed larger electrodermal and heart
rate responses to phobic than to neutral stimuli, and this was coupled with
an attenuation of the normal circadian increase in natural killer cell activity.
Hamm et al. [287] found that animal and mutilation phobics showed abnor-
mal eye blink facilitation that was specific to slides depicting their feared
objects, as has been demonstrated in patients with simple and social
phobias, PD and PTSD when imagining or viewing threatening pictures
[288]. Exaggerated autonomic responses in patients with PTSD have been
found on a par with responses in panic patients [289]. At the same time
there is general agreement that responses in PTSD are greater to trauma-
related stimuli than to neutral stimuli [290, 291], to startling stimuli com-
pared with neutral stimuli [292-295] and to reminders of other stressors
[296]; moreover, individuals with PTSD seem to be more autonomically
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conditionable [297]. Prospective studies of trauma victims have shown that
slower electrodermal habituation and increased heart rate and EMG re-
sponses to startle stimuli develop along with PTSD in the months following
a trauma. Theoretically, this links PTSD with progressive neuronal sensi-
tization. Process considerations have also revealed psychophysiologically
validated subgroups. Women who scored high on a peritraumatic dissoci-
ation index showed suppression of electrodermal and heart rate responses
compared with low-scoring women. Dissociation between cognitive and
emotional factors was also suggested by a discrepancy between self-reports
of distress and objective laboratory stress indicators [298].

Ohman and Soares [299] using backward masking have demonstrated larger
skin conductance responses to masked phobic stimuli compared with neutral
stimuli. This provided evidence that unconscious preattentive perceptual an-
alysis occurred in snake and spider phobics. One possibility was that non-
consciousfearalertscognitivesystemsthatinitiatescanningoftheenvironment,
kindling the expectancy that untoward events will occur. Accordingly, phobic
behaviourmayrepresentaresponsetounrecognized externalandinternalcues
which produce oversensitization to potentially threatening stimuli.

Psychological interventions such as relaxation training have been effect-
ive in reducing electrodermal and heart rate reactivity in snake phobics
subjected to controlled in vivo exposure. This was observed in a lowering
of tonic arousal throughout the course of exposure, rather than in an attenu-
ation of specific phasic responses [300]. Biofeedback procedures have also
been successful. Canter et al. [301] compared biofeedback with progressive
muscle relaxation in patients with anxiety neurosis with and without panic.
Biofeedback produced a greater reduction in muscle tension and relief from
anxiety in the majority of patients. Weinman et al. [302] found beneficial
effects for biofeedback combined with relaxation training in anxiety patients
with recent stressful life events, when compared with patients without
recent life events. Levels of anxiety, depression and muscle tension were
reduced effectively. Most impressively, gains were demonstrated through
biofeedback in chronic anxiety disorders refractory to treatment. Following
2-12 weeks of training, sleep improved in 87% of cases, anxiety was reduced
in 40% and there was a reduction in frequency and intensity of headaches
among headache sufferers [303].

Dementia
Quantitative EEG

An increase of slow delta and theta activity and a reduction of alpha activity
are the most frequently reported qEEG abnormalities in patients with AD,
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during both early and late stages of the illness [304-309]. However, some
observations suggest that the early stages are characterized by a reduction
in beta power and an increase in theta power [305, 306, 310, 311], while the
later ones are characterized by a progressive decrease in alpha and an
increase in delta [312-315]. Alpha and beta equivalent dipoles (represent-
ing the centre of gravity of the electrical activity) have been shown to shift
towards anterior regions in mild AD stages, and the amount of the anterior
shift correlated with the degree of cognitive impairment [316]. A correl-
ation has been repeatedly reported between the slowing of the mean
frequency and the severity of the cognitive deficit as assessed by the
Mini-Mental State Examination [210, 317]. Follow-up investigations have
documented an absence of qEEG abnormalities during the early stages in
subjects who at initial evaluation had a Global Deterioration Scale (GDS) of
2 or 3 (corresponding to a mild impairment) and did not show any
cognitive deterioration two to three years later. These findings suggest
that the qEEG might be useful in the identification of patients with non-
progressive cognitive decline [306, 313, 318, 319]. In line with these
observations, a recent study showed that subjects with mild cognitive
impairment (MCI) who progressed to probable AD, after a mean follow-
up of 21 months, had more theta, less alpha and a lower mean alpha
frequency, compared with non-progressive MCI subjects [320]. The base-
line qEEG alone correctly classified 82% of the subjects in non-progressive
and progressive MCI subgroups. Results from this study also showed an
increase of theta and a reduction of both beta amplitude and beta mean
frequency at follow-up only in progressive MCI subjects. In a slightly
larger group of MCI subjects, it has been shown that progressive MCI
subjects had less alpha relative and absolute power, less fast beta absolute
power and more theta relative power than non-progressive MCI subjects,
together with a more anterior location of the alpha, theta and fast beta
equivalent dipoles [321]. Baseline relative theta and alpha power correctly
classified 87% of the cases in both the progressive and the non-progressive
group.

Some authors have hypothesized that qEEG changes observed in AD
patients are the expression of the cholinergic deficit found in these subjects
[319, 322]. This hypothesis is in line with the observations that the admin-
istration of anticholinergic drugs to healthy subjects induces an increase
in delta and very fast beta and a reduction in alpha activity [322, 323].
Animal studies have also shown that an increase of delta is observed after
deafferentation of the cortex by lesions of the cholinergic pathways or by
lesions of the hemispheric white matter [17, 324]. Nootropic and cholinergic
drugs commonly used in the treatment of dementia, after both acute and
short-term administration, have induced qEEG changes with respect to the
pre-drug condition, including a reduction of slow and an increase of alpha
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activity [322, 325-329]. No study, however, has examined the long-term
effects of the treatment with the same drugs on qEEG characteristics.

Findings similar to those reported in AD patients were observed in
patients with vascular dementia [309, 330-332]; however, some authors
reported that in the latter the reduction of alpha and the increase of slow
activity is less pronounced than in patients with AD [333].

A reduction of the coherence in alpha and beta bands was repeatedly
shown in patients with AD versus healthy controls [42, 334-337]. A reduction
of the long-range coherence in the 14- to 18-Hz band was more often observed
in AD patients, while a reduction of the local coherence in posterior areas
(visual coherence) was reported in vascular dementia [42, 335, 338-340].
A reduction of the dimensional complexity has also been observed in
AD patients and seems to be related to the severity of the cognitive decline
[341].

The space-oriented segmentation of the resting EEG into brain electrical
microstates in mild and moderate dementia of the Alzheimer type yielded a
significant anteriorization of the centres of gravity of the microstate fields,
an increase of the microstates” spatial variability and a reduced duration of
sustained microstates. These differences were statistically more robust than
the typical changes in the frequency domain (diffuse slowing) and were
significantly correlated with the cognitive decline. It was concluded that the
adaptive spatial segmentation into microstates is a method to extract mean-
ingful EEG parameters for the early diagnosis and staging of AD [342].
The results, including the correlation with clinical severity, were confirmed
in an independent sample of Swedish patients [343]. Further confirmation
comes from a study involving the fast Fourier transform approximation
method, which allows the calculation of intracerebral model sources of
individual frequency bands. A more anterior location of the alpha-1 sources
was found, supporting the previous results obtained with other methods;
in addition, a more superficial location of all frequency band sources
was observed [344]. This latter result can be explained either by a more
superficial brain electrical generator or, more plausibly, by less widespread
cortical activation due to reduced activity in occipital and temporo-parietal
regions.

Interesting results were reported regarding the correlation between
the location of the intracerebral electrical EEG sources and cerebral glucose
metabolism (GluM) evaluated by PET. It has been shown that healthy
subjects have similar metabolic and neuroelectric spatial patterns. In healthy
controls and patients with different degrees of cognitive decay, the localiza-
tion of intracerebral EEG generators correlated with the spatial distribution
of GluM. These results convincingly demonstrate that the EEG sources
provide spatial information about brain function that is consistent with
degree of glucose consumption [59].
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Event-Related Potentials

In dementia with primary degeneration of the association areas, there are no
impairments of the early components of the evoked potentials unless there
is a concomitant pathological process impairing subcortical signal conduc-
tion or important degeneration of the primary sensory cortex areas. Late
ERPs, on the other hand, are often impaired from the early stages of the
disease. As a typical finding, P300 amplitudes are reduced and latencies are
increased. Amplitude reductions are not specific and cannot be reliably
used for diagnosis or staging. Although a P300 latency increase is also
found in schizophrenia and other psychoses, in these clinical conditions it
is inconsistent and possibly an effect of medication [230]. In dementia, the
finding is consistent and considered to be characteristic of the cognitive
decline.

In a meta-analysis of latency increases, the sensitivity varied between 13%
and 80%, and the specificity even reached 90% compared to other general
psychiatric patients [345]. The sensitivity was best in studies on severely
demented patients, though in these groups, obviously, the diagnostic con-
tribution of ERPs will be minimal. A field of particular interest, however, is
the differential diagnosis of early AD from depressive pseudo-dementia.
Here the latency increase is a very promising marker, since it is not a typical
finding in depression. However, validation of the parameter as a supple-
mentary tool for differential diagnosis between these clinical conditions has
not yet been performed. According to present knowledge, in the later stages
of dementia ERPs are not expected to be clinically useful because of their
limited contribution to diagnosis and, most importantly, because patients’
attentional deficits mean that they are unable to perform the task that would
evoke the potential.

CONCLUSIONS

When the psychiatrist Hans Berger discovered the EEG, he was hopeful of
depicting physiological and pathological mental processes. In his diary he
wrote more than 70 years ago: “May I succeed in finding a sort of mirror of
brain function—the elektrenkephalogram’” . During the intervening period, the
techniques for recording and, especially, analysing brain electrical activity
have undergone constant progress, such that clinicians and researchers can
now assess brain function with unique time resolution and the possibility of
topographic and even tomographic imaging of the brain electrical fields and
sources.

Compared to other imaging methods, the analysis of brain electrical
activity still suffers from relatively poor spatial resolution. Combining it
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with other methods in the field of nuclear medicine and neuroradiology that
have high spatial resolution, such as PET and fMRI, makes it possible to
look at normal and pathological brain function with both high spatial and
high temporal resolution. However, it should be borne in mind that the
recording of brain electrical activity not only measures the quantity of
neuronal activity, but can also assess neuronal synchronization within
brain areas and, with the appropriate tools, between neuronal assemblies.
This ability is unique to analysis of brain electrical activity and not
available with other imaging techniques. Since normal functioning of
the brain is certainly dependent on synchronous activity between
functional areas, the analysis of the brain electrical activity has an excep-
tional standing and future outlook among imaging techniques. For a
long time this ability of the EEG was not focused on; the reasons could in
part be restrictions in methods of analysis (for instance, the standard
method of assessing synchronicity between areas was coherence between
surface channels, which is inappropriate) and limitations in the number
of recording electrodes. Since the symptoms of mental diseases depend
not just on “more” or “less” activity in circumscribed brain regions,
but rather on disruption of physiological networks, the removal of
these limitations in the analysis of brain electrical activity opens up new
frontiers for the understanding of pathological brain function in mental
diseases.

For psychiatrists, recent developments have shown solid areas of possible
clinical utility, but have also opened new exciting perspectives for improved
understanding of the neurophysiological mechanisms underlying psychosis
[6]. We hope that this development will contribute to approaching another
dream of Hans Berger: to formulate something he liked to call a “physio-
logical psychology”’, although he was aware of being far from being able to
describe human psychology in terms of neurophysiological mechanisms
and events. Today, as 80 years ago, this appears a necessary step to escape
from the centenary impasse of the psychiatry of psychoses, which has been
criticized in many statements from researchers and clinicians. Psychiatric
symptoms are defined as disorders of behaviour and subjective experience,
but they still are weighted and bundled (in terms of syndromes) mainly
on the basis of their social implications, together with their course and
sensitivity to specific treatments, rather than on underlying dysfunctions
of highest-order brain functions. Classification systems, like that of Carl
Wernicke, tried to rely on such hypothetical dysfunctions, but became
unpopular due to their theoretical superstructure, which could not be
proven, thus giving rise to unresolvable controversies. With the new in-
sights into brain functions offered by the combination of powerful func-
tional neuroimaging methods, this old idea has gained a new and more
realistic optimism.
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INTRODUCTION

Contemporary neuropsychological assessment is essentially a refinement of
the neurological examination focusing on integrative central nervous system
(CNS) functioning. It may be defined as the observation of an individual’s
behaviour in relation to a standardized stimulus selected for its likelihood of
provoking an abnormal response in the presence of damage or dysfunction
of specific neuroanatomical structures. Its theoretical basis derives from the
quite separate academic traditions of cognitive psychology and behavioural
neurology, their integration providing both a quantitative and qualitative
approach to the understanding of the neuroanatomical substrates of cogni-
tion and to the detection of pathology.

Cognitive psychology is principally concerned with the development of
theories of normal information processing and the development of stand-
ardized measures of mental processes. One source is psychometrics and the
factor analytical school, but more recent influences come from information
theory, linguistics and the genetic epistemology of Piaget and his followers.
It is essentially a quantitative approach based on an underlying assumption
of the normal distribution of human abilities, and thus generates testing
procedures that are dimensional rather than categorical, implicitly requiring
the determination of a cut-off point for ““abnormality”’. Such a cut-off point
is based on improbability (deviation from a statistical mean) rather than
reference to a clinical syndrome. Behavioural neurology, on the other
hand, derives from the classification of normal and abnormal responses to
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cognitive stimuli, in the tradition of Luria, by reference to pathological
behaviours not seen in healthy individuals.

On the basis of information processing models of normal cognition and
observations of deviant behaviour resulting from localized CNS trauma, it
has been possible for neuropsychologists to construct and validate quanti-
tative measures of cognitive dysfunction that may be related to underlying
neurophysiological changes. In conjunction with qualitative observations of
behaviour occurring in the course of test performance, it has been possible
to develop diagnostic indicators for a wide range of neurological disorders.
More recently, the development of functional imaging has permitted neu-
ropsychologists to explore directly the relationships between cognitive
models and their anatomical location in cortical and subcortical structures
and subsequently to use these observations to develop more precise neuro-
pathological screening techniques. For a recent review of developments in
functional imaging the reader is referred to Cabeza and Nyberg [1].

INTEGRATION OF NEUROPSYCHOLOGY INTO
PSYCHIATRIC RESEARCH

Although both psychiatry and neuropsychology are concerned with the
identification of abnormal behavioural patterns, historically there has been
surprisingly little interaction between the two disciplines. The development
of neuropsychology under the influence of pioneers such as Luria, Reitan,
Halstead and Rey began in the 1950s and 1960s at a time when academic
psychiatry was moving away from biological theories towards social and
psychoanalytical models of mental functioning. While in psychiatry uncon-
scious conflicts and social pressures were given priority over the CNS as
causes of morbidity, neurobiologists had begun to question the notion of
equipotentiality which had assumed that higher mental functions were
diffusely represented throughout the cortex. Thus the way was opened for
the integration of early models of information processing derived from
experimental research in cognitive psychology. Clinical neurology also pro-
vided the cases of highly localized cerebral lesions with their associated
cognitive impairments, which became the foundation of neuropsychological
theories of disassociation. Neuropsychology thus limited its range of inter-
est primarily to the exploration of neurological disorders.

By the 1980s, coherent theories of localization in cognitive functioning
validated by neuroimaging had been largely accepted within neurology. In
parallel, the development of efficient psychopharmacological treatment of
many major mental disorders led to renewed interest in the neurobiology of
these disorders and the neuroanatomical correlates of their associated cog-
nitive disturbances. Cognitive dysfunction was also recognized within psy-
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chiatry as a major cause of disability. In a therapeutic setting increasingly
inclined towards the rapid social reintegration of individuals with mental
illness, the causes of poor judgement, mental slowing and memory disorder
and other cognitive disorders interfering with the performance of everyday
activities became of interest to clinical psychiatrists and psychopharmacol-
ogists. As a result, there has been a gradual increase of interest in the
neuropsychology of mental disorders in recent years.

The traditional differentiation of ““disorders of mind”’ as opposed to
“disorders of body’” which has segregated psychiatry from the neurosci-
ences is disappearing. Increasing acceptance that functions of the mind
occur within the CNS has opened up exploration into the biological com-
ponents of mental activity. Conversely, the potential ability of mental activ-
ity to produce changes in neural organization and even gene expression
(epigenetic regulation) has stimulated clinical interest in the biological im-
plications of psychotherapy. The association of neuropsychology with
psychiatry is, however, relatively recent. Thus, the present overview is
principally confined to knowledge gained over the past decade.

APPLICATION OF NEUROPSYCHOLOGICAL METHODS
TO RESEARCH AND CLINICAL PRACTICE

Neuropsychology has been applied to the area of mental health with three
principal objectives: the identification of underlying neuropathology for
research purposes; differential diagnosis of specific psychiatric syndromes;
and the monitoring of cognitive changes in the course of treatment to assess
modifications in cognitive ability, neurotoxic effects and learning. Attempts
to identify, measure and localize cognitive disorders occurring in psychi-
atric syndromes have largely concerned developmental neuropsychiatric
disorders, depression, schizophrenia, obsessive-compulsive disorder, neu-
rodegenerative diseases of ageing and, to a lesser extent, traumatic stress
disorders. These conditions will be the principal focus of this review.

Developmental Neuropsychiatric Disorders
This section does not aim to present a comprehensive overview of the

neuropsychology of childhood mental disorders. Rather, two important
neuropsychiatric disorders illustrate the diversity of this field.

Autism

Autism involves disturbance of reciprocal social interaction, disturbance of
communication, including expressive and receptive language, and extreme
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behavioural restriction [2]. Although autism is frequently associated with
mental retardation [3], a more specific pattern of cognitive deficit was
proposed by Hermelin and O’Connor [4], characterized by difficulty in
perceiving order and meaning in events [5]. Broadly consistent with this
are observations which have demonstrated that autism is a frontal lobe
disturbance with involvement of the amygdala [6, 7], neuropsychological
evidence of impaired executive function [8, 9], and the proposal that autistic
children lack a “theory of mind”, i.e. ability to understand the thinking of
others from the social context [10].

Attention Deficit Hyperactivity Disorder

Imaging studies have shown that some frontal and basal ganglia regions are
smaller in children with attention deficit hyperactivity disorder (ADHD)
than in controls, consistent with neuropsychological evidence of impaired
executive function (see [11] for a review). Although poor performance of
hyperactive children on neuropsychological tests of attention has been
reported [12], other work has focused on response initiation and inhibition.
The rate of inhibition failure in a ““go-no go”’ task was high in ADHD [13], a
finding which is consistent with the construct of impulsiveness, i.e. reduced
ability or willingness to inhibit inappropriate actions and to wait for a
delayed consequence [12]. However, subsequent work suggests that the
response style in children with ADHD may be inefficient (slow and inaccur-
ate) rather than impulsive (fast and inaccurate) [11, 14, 15].

Depression

Neuropsychological deficits are now recognized to be a common and signifi-
cant feature of depressive disorder, resembling the profile of cognitive defi-
ciencies seen in traumatic brain injury [16]. Attentional, executive and
secondary memory functioning are the areas principally affected [17-21].
Two different patterns of attentional deficit have been described in depres-
sion: distractor inhibition, and deficits in the processing of resources, that is,
the central executive component of working memory [22]. Memory disorder
in depression is principally due to a retrieval rather than encoding deficit
[23], but has not been consistently reported, perhaps because testing is often
limited to verbal or visual stimuli, and there is some evidence to suggest the
deficit may in some cases be related to dysfunction in a single hemisphere
[17, 24].

The association of neuropsychological tests with neuroimaging (positron
emission tomography, PET, and magnetic resonance imaging, MRI) indicate
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dysfunction of frontostriatal circuits, the mediotemporal lobe, hippocampus
and cingulate as the principal underlying neuroanatomical correlates of
cognitive impairment in depression [16, 19, 25-27]. Abnormal responses to
negative feedback are observed in depressed patients compared to normal
subjects and those with other forms of psychopathology, which may in part
explain the link between mood and cognition [27]. At a biological level, this
link has been attributed to interactions between the serotonergic system and
the hypothalamic—pituitary—adrenal axis [28, 29].

Not all depressed subjects show the same patterns of neuropsychological
deficits, suggesting either a dominant role of moderating variables [19] or the
existence of subtypes of depressive disorder. Different patterns of neuro-
psychological deficit have been identified, for example for major depression
with and without psychotic features, the former showing significantly
greater impairment in attention, psychomotor speed, response inhibition
and verbal rather than visual secondary memory [25, 30, 31]. There is also
some evidence to suggest the possibility of a late-onset form of depression
linked to cerebrovascular pathology evidenced as white matter lesions on
T2-weighted MRI scans. These are associated with a separate pattern of
cognitive deficits, characterized by significantly poorer performance on
frontal executive, language and secondary verbal memory tasks [32]. How-
ever, unrecognized subclinical dementia may be a confounding factor in
identifying a specific pattern of neuropsychological deficit in this group.

Neuropsychological tests have also been used in the differential diagnosis
of unipolar depression and chronic fatigue syndrome [33], and to measure
treatment effects with electroconvulsive therapy [34, 35], transcranial mag-
netic stimulation [36] and pharmacological intervention [37, 38].

Studies of bipolar depression have been less common. Clinical studies
suggest that memory functioning in mania is usually intact and that the
principal area of cognitive disorder is in executive function, notably
impaired judgement. Functional imaging using PET and verbal fluency
tests shows rostral and orbitofrontal cortex activation during manic epi-
sodes [39], with poorer performance on neuropsychological tests being
associated with small prefrontal and hippocampal volume [40, 41].

Schizophrenia

Neuropsychological impairment is virtually universal in schizophrenia, and
is usually evident early in the disorder. Overall, schizophrenic patients
perform worse than subjects with psychotic affective disorders [42], notably
on tests of attention. Compared to normal control subjects, they are seen to
have specific difficulties in the complex integration of stimuli, conceptual
shifting, response initiation and inhibition, verbal fluency, ability to imitate,
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and encoding and retrieval in secondary verbal memory [24, 43—46]. Atten-
tion and memory disorders in childhood have been further demonstrated to
be significant predictors of schizophrenia in mid-adulthood [47], suggesting
that the cognitive deficits precede the onset of clinical symptoms. Atten-
tional deficits and retroactive inhibition are also observed more frequently
in otherwise symptom-free relatives of persons with schizophrenia [43, 48].
Cognitive functioning in schizophrenia is seen to be further impaired in the
presence of obsessive-compulsive disorder [49, 50], particularly in frontal
lobe executive functions, raising the possibility that this group may constitute
a separate subtype of schizophrenia. The co-occurrence of depression also
alters the cognitive profile in schizophrenia, leading to significantly greater
impairment in attention [51]. On the other hand, paranoid schizophrenia has
been associated with less cognitive impairment than other forms of the
disorder, although these findings have not been consistently supported [52].
Several attempts have been made to relate specific cognitive disorders to
symptomatology in schizophrenia. Referring to the three-factor model of
symptom complexes of hallucinations/delusions, disorganization of behav-
iour and thought, and negative symptoms, a number of studies have reported
specific patterns of deficit. Psychotic symptoms appear to be unrelated to
cognitive deficits, whereas disorganized thoughts and behaviour appear to
be associated with lower IQ, and negative symptoms to problems of verbal
and visual memory, verbal fluency and visual-motor sequencing [53, 54].
Deficits in verbal fluency have also been observed in conjunction with nega-
tive symptoms [55]. The Continuous Performance and Wisconsin Card
Sorting Tests (both tests of frontal functioning) have been described as
putative indicators for the predisposition to develop negative symptoms [56].
Abnormality on the Wisconsin test is the most commonly reported deficit
in schizophrenia, and has been assumed to reflect dorsolateral prefrontal
cortex dysfunction [57, 58]. Functional imaging and morphometric studies
point, however, to more widespread neuropathology, such that the cogni-
tive deficits seen in schizophrenia are now considered to be the result of
dysfunction in cortico-subcortical connectivity with a neurotransmitter im-
balance in the thalamic-prefrontal motor cortex and basal ganglia [59].

Obsessive-Compulsive Disorder

Once considered to be related to unresolved internal conflict, obsessive-
compulsive disorder (OCD) is now regarded as a model of neuropsychiatric
disorder, with complex information processing deficits which go beyond
the effects of any associated mood disturbance. Low overall performance on
cognitive tests has also been found to be significantly associated with the
presence of neurological soft signs [60]. At the neuropsychological and
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physiological level, OCD in fact shares many of the features of Tourette’s
syndrome: lack of laterality, bilateral or left frontal lobe dysfunction,
shortened rapid eye movement (REM) sleep latency and abnormal glucose
metabolism in the caudate nucleus [61]. Studies of children with OCD
indicate no impairment differences on neuropsychological testing [62], sug-
gesting that information processing circuits may not be disturbed in very
early stages of the illness. It is perhaps difficult, however, to determine the
extent of damage in children, given that such studies are carried out before
full maturation of the frontal cortex, and in the face of the high neuronal
plasticity present in younger brains.

The neuropsychological disturbances of OCD are principally character-
ized by a frontal lobe syndrome with accompanying difficulties in motor
initiation, shifting and frequent perseverative errors [63-65], a profile com-
monly observed in lesions of the orbitofrontal cortex. A case study described
by Simpson and Baldwin [66] of sudden-onset OCD with frontal lobe signs
showed in fact low activation in the left orbitofrontal region on single
photon emission computed tomography (SPECT). Spatial recognition and
spatial working memory deficits consistent with frontostriatal dysfunction
have also been consistently observed [65, 67]. Clinical observations of quali-
tative aspects of test performance by Veale et al. [68] also point to frontos-
triatal involvement, namely distractability in the face of competing stimuli,
excessive monitoring and rigidity in tasks requiring change of set. The
authors refer to this pattern of behaviours as dysfunction of the “supervis-
ing attentional system’”. Supporting evidence for anatomical localization
has come from clinical follow-up studies of subjects undergoing ventrome-
dial frontal leucotomy, subjects with frontostriatal lesions showing the most
striking improvement [69].

Visual and praxic memory deficits have been linked by Tallis [65] to
checking behaviour, but a subsequent study found a relationship only
with symptom severity and not with checking [70]. Motor slowing has
also been observed in some studies [37], which has been limited to psycho-
motor tasks involving the fronto-subcortical system and thus cannot be
simply attributed to interference due to thought intrusion. Disassociation
on neuropsychological testing has been found between the orbitofrontal
deficits observed in OCD and the dorsolateral functions observed in schizo-
phrenia, the dorsolateral prefrontal cortex being apparently spared in OCD
[57].

Dementia

Cognitive impairment is observed in a range of neurodegenerative diseases,
and neuropsychological assessment is routinely used to document this
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impairment in detail. However, the rapid growth of the world’s elderly
population has brought a focusing on dementia as a major public health
burden, leading to a massive research effort to understand its aetiology and
to generate effective therapies. One particular contribution made by neuro-
psychology has been to the discussion of whether the multiple diseases
encompassed by the term ““dementia’ are discrete or overlapping entities.
An older distinction was made between cognitive function in the “cortical”
dementia of Alzheimer’s disease (AD) and that in ““subcortical’”” dementia,
such as occurs in progressive supranuclear palsy [71]. More recently, Spinn-
ler and Della Sala [72] have proposed an alternative dichotomy of instru-
mental cortical (retrorolandic) dementias (e.g. AD) and dysexecutive
cortical (prefrontal) dementias with (e.g. Huntington’s chorea) or without
(e.g. Pick’s disease) subcortical damage.

A more difficult issue has been the distinction between AD and vascular
dementia. Again, there has been considerable debate over whether these are
distinct diseases or variant consequences of common risk factors [73], or
whether vascular dementia is in fact of valid nosological status [74]. To
some extent, however, neuropsychological research has identified a distinct
cognitive profile in this disease. This is suggestive of predominantly sub-
cortical damage, and is characterized by cognitive slowing and disorders of
retrieval and attention [75] and executive impairment [76], with relative
sparing of cortical functions such as those underlying aphasia, apraxia
and agnosia [77]. However, comorbidity in vascular disease complicates
the attempt to separate neuropsychological features of vascular dementia,
neurodegenerative dementias and other pathologies [77].

Finally, neuropsychology has been influential in defining the nature of
mild cognitive decline in ageing. To a large extent this relates to normal
ageing and is therefore beyond the scope of the present chapter. However,
neuropsychology has played a role in the prediction of dementia [e.g. 78-80],
as well as an essential part in the formulation of research criteria for
subclinical states such as age-associated memory impairment [81] and
ageing-associated cognitive decline [82, 83].

Stress Disorders

Stress disorder is characterized by sleep disturbance, emotional numbing
and symptoms of autonomic instability, depression and cognitive disorder.
There has been some interest in recent years in the cognitive consequences of
exposure to stress. This area has received less attention, however, than other
psychiatric syndromes, despite a high prevalence in the general population
of 0.5% for men and 1.2% for women [84]. This is perhaps because the
affective component is initially the principal presenting cause of disability.
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In the longer term, however, cognitive disorder may seriously impair reinte-
gration into working life.

Clinical observations of cognitive impairment following adverse life
events have been paralleled by biological observations that exposure to
severe stress, notably maternal separation in childhood and combat-related
post-traumatic stress disorder, leads to increases in glucocorticoids, hippo-
campal damage and subsequently disorders of memory [85, 86]. An 8%
reduction in right hippocampal volume has, for example, been observed
in war veterans with stress disorder [85]. Two principal areas of cognitive
functioning appear to be affected in stress disorders: attention and organiza-
tion of sequential stimuli, and secondary declarative memory. As subjects
experiencing severe stress have also usually been exposed to physical
trauma such as head injury, and are also at high risk for drug and alcohol
dependency, it is often difficult for the neuropsychologist to attribute test
performance difficulties specifically to psychological stress-related changes
in the CNS. Hickling et al. [87] have, however, demonstrated that subjects
with post-traumatic stress syndrome following motor vehicle accidents
have impairment of secondary declarative memory independently of phys-
ical injury. Beckham et al. [88] have found, for example, significant difficul-
ties on tests of working memory central executive functioning in Vietnam
veterans, controlling for drug effects and comorbid conditions.

CONCLUSIONS

It may be concluded from the above review of selected pathologies that
neuropsychology has made some significant contributions to the under-
standing of the anatomical correlates of mental disorders. Such procedures
cannot, however, be used on their own as diagnostic tools. This is because of
the inherent nature of neuropsychological testing, which is based on obser-
vations of the behavioural correlates of localized lesions rather than direct
biological markers. That is, from a known pathology it may be possible to
specify on which cognitive tests a patient is likely to perform poorly, but it is
more difficult to do the reverse, i.e. to predict with any great precision from
test results the specific anatomical site of an underlying lesion.

Although specific neuropsychological tests may be recommended for the
exploration of a particular brain region or a specific cognitive function, they
often implicate multiple functions and anatomical sites. For example, the
Wisconsin Card Sorting Test and the Verbal Fluency Test are known to be
poorly performed by subjects with frontal lobe disorders, but functional
imaging has demonstrated that performance on these tests involves not only
prefrontal areas but also the right side of the cerebellum, with significant
decremental responses over a large area of the posterior cortex [89, 90].
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Within a research framework, neuropsychological tests are best used to
describe the consequences of pathology rather than its origins, unless used
in the context of functional imaging.

With regard to therapy, the role of neuropsychology has mainly been
limited so far to the monitoring of treatment effects and the identification of
impairment in specific cognitive systems for the targeting of cognitive
therapy. Kandel [91] has indicated a possible future role for neuropsycho-
logy in validating clinical concepts from psychoanalysis and thus fulfilling
the earlier prediction by Freud [92] that “all of our provisional ideas in
psychology will presumably one day be based on an organic substructure”.
The rapid development of the neurosciences at present renders much of
psychoanalytic theory obsolete. However, as Kandel has pointed out, there
may continue to be an important role for psychoanalysis at a broader
conceptual level. The integration of observations from psychoanalysis with
cognitive models may permit the extension of neurocognitive research
beyond the exploration of specific clinical syndromes to the scientific obser-
vation of complex areas of human mental functioning such as unconscious
mental processes and motivation.

The unconscious mind is a central element of psychoanalytic theory and
many clinical examples have been cited of the manner in which it may both
protect the individual in situations of poorly apprehended danger, and
interfere with everyday functioning. Within neuropsychology there is now
increasing evidence of the existence of both conscious and unconscious
information processing systems. Implicit or unconscious learning is now
believed to constitute a more primitive intellectual process governed by
neural systems other than the limbic structures associated with the explicit
or conscious treatment of information [93, 94]. The more recent association
of neuropsychological assessment with cerebral imaging techniques has led
to the identification of separate loci for implicit and explicit processing [95],
with PET studies implicating the left prefrontal cortex in conceptual
priming [96, 97] and a structural-perceptual memory system located in
the right occipital cortex being related to perceptual priming [97].

In conclusion, neuropsychological tests have many advantages over the
clinical mental status examination. They are standardized, so that norms can
be established and the extent of individual variation and change across time
estimated with some precision. They also extend the present state examin-
ation beyond the identification of underlying pathology to an appreciation
of the real-life consequences the pathology is likely to have for the individ-
ual. Reviewing the contribution of neuropsychology to clinical psychiatry,
Lishman [98] concludes that the psychiatrist has tended to underestimate
the organic component of psychiatric syndromes, whereas the neuropsy-
chologist has tended to overestimate it. This comment underlines the im-
portance of placing neuropsychology within a broader clinical context.
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Neuropsychological test results cannot be interpreted in isolation, but must
be seen against general clinical impressions and more precise biological
investigations.
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INTRODUCTION
Signs and Symptoms of Schizophrenia

Schizophrenia is an episodic disorder of thought organization and content
which manifests itself overtly in psychotic symptoms (hallucinations and
delusions), in thought disorder, in cognitive disturbances and in reduced
mental activity, including goal-directed thought and socialization [1-3].
These symptoms fluctuate across illness episodes and across the life history
of persons with the illness [4, 5]. Symptoms characteristically begin in young
adult years, although disease onset occasionally occurs in the very young
and the very old. Florid illness continues through adult life. Often symp-
toms wane with ageing, making this appear to be a disease of child-bearing
years [6-8]. The illness is said to present earlier and with greater severity in
men than in women, although affecting equal numbers of each gender. Once
the disease has begun, recovery rarely occurs; few persons with schizophre-
nia—perhaps less than 15%—are able to maintain a routine life including
daily work, family life and social interactions.

Cognitive dysfunction accompanies overt symptoms, but it is not mani-
fest in all performance domains [9, 10]. Particular mental functions, like
attention, working memory, and executive function, are most affected
[11]. Routine neuropsychological assessment of attention and working
memory is characteristically abnormal in schizophrenia. Although the
magnitude of cognitive dysfunction varies across affected individuals,
the majority of persons with schizophrenia are affected to some degree
[12-15]. Indeed, non-psychotic siblings of schizophrenic persons perform

Psychiatry as a Neuroscience. Edited by Juan José Lépez-Ibor, Wolfgang Gaebel, Mario Maj and Norman
Sartorius. © 2002 John Wiley & Sons Ltd.
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abnormally on tasks of attention and short-term memory, especially if
they have a diagnosis of a schizoid or schizotypal personality disorder
[16, 17].

Signs of schizophrenia include neurophysiological alterations, which also
affect not only the probands but also their unaffected relatives, to a milder
degree. These signs include altered electroencephalographic (EEG) re-
sponses to a sensory cue, e.g. reduced P50, P300, and loss of prepulse
inhibition (PPI) [18-21]. Smooth eye tracking, particularly the saccadic com-
ponent, is abnormal [22, 23]. These signs of schizophrenia provide measures
which can be objectively evaluated in the illness. Although these abnormal-
ities are not diagnostically specific [24, 25], they can be used as putative mar-
kers for the heritable component of the illness nonetheless. Because the
markers are manifest in family members, it is thought that they are linked
to the genetic lineage of the diagnosis.

Data from several epidemiological studies suggest that the illness we
know as schizophrenia may be only the “tip of the iceberg” of a larger
group of disorders, variably called spectrum disorders [26-28] or schizo-
taxia [29]. This larger group of disorders appear to share the cognitive
disturbances of schizophrenia, especially the attentional and short-term
memory dysfunction, often negative symptoms and neurophysiological
signs (e.g. altered eye tracking or PPI), even though not sharing the florid
psychotic presentation. Perhaps 20% of persons with schizophrenia-like
personality disorders have cognitive alterations that interfere with work
and social life and may benefit from antipsychotic treatment [29], although
these results are only preliminary. While the prevalence of schizophrenia
in the worldwide population is 1%, spectrum disorders have a prevalence
of 5%. The combined prevalence of the two is thus 6%, suggesting this
is a highly significant illness with regard to overall morbidity and mortal-

ity.

Antipsychotic Drugs

In the late 1940s, two French psychiatrists serendipitously discovered that
chlorpromazine (CPZ), which was then being used as a preanaesthetic
medication, had selective antipsychotic actions [30]. Because the worldwide
medical need was so great, the application of CPZ to treat schizophrenia
spread quickly [31]. Many chemical congeners and pharmacologically re-
lated compounds were synthesized, tested worldwide and speedily intro-
duced for the treatment of schizophrenia. These antipsychotic drugs, often
called neuroleptics, modify the florid symptoms of hallucinations, delusions
and disordered thought, but have a less complete impact on the cognitive
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dysfunctions of attention and working memory and on negative sym-
ptoms and come with significant motor and cardiovascular side effects.
So, although these medicines were initially believed to be cures for the
illness, longitudinal follow-up revealed that significant mental disabilities
remained after treatment. These disabilities included untreated symptoms
of the illness as well as drug-induced dysphoria, mental dulling and par-
kinsonism. This situation of limited treatment fuelled the search for and the
discovery of new antipsychotic agents.

Shortly after the discovery of the antipsychotic action of CPZ, the labora-
tory of Arvid Carlsson in Sweden reported that the putative mechanism of
antipsychotic action was dopamine receptor blockade [32, 33]. Subsequent
research from this laboratory and from basic neuropharmacology laborator-
ies around the world [34-36] strengthened this hypothesis. Supportive
clinical data have appeared more recently [37]. Now dopamine receptor
blockade is universally accepted as the primary mechanism of antipsychotic
action. This development directly suggested a dopamine-related hypothesis
of pathophysiology, proposed by Carlsson, which posits that dopaminergic
transmission or an element of dopaminergic response may be elevated in
the illness [32, 38]. This work was recognized in December 2000 by the
Swedish Nobel Assembly in awarding its prize in Medicine to Arvid Carls-
son.

In 1988, after many years of widespread use of antipsychotic drugs and
at least 10 years without the introduction of any new pharmacological
treatment for schizophrenia, careful study of clozapine, a mixed receptor
antagonist of superior efficacy, revealed that it had a more comprehen-
sive action and a “better”” antipsychotic profile in schizophrenia than any
other antipsychotic compound [39]. This observation was initially made
in groups of schizophrenics who were not responding to treatment [39, 40]
and was subsequently generalized to broader patient populations [41].
The revelation that there could be better medications for the treatment of
schizophrenia spurred the pharmaceutical industry into developing a new
line of compounds with mixed receptor profiles. These new antipsycho-
tics have a distinct pharmacological profile which includes not only 5HT5a
and D, dopamine receptor affinity, but also, variably, blockade of sev-
eral additional serotonin receptors, M muscarinic and H; histaminic recep-
tors, as well as partial agonist activity at 5HT;s receptor, and reuptake
blockade of the serotonin and norepinephrine reuptake pumps. At present,
clinicians have a new generation of antipsychotic agents with equal anti-
psychotic potency, reduced side effects and, arguably, broader therapeutic
profiles than traditional drugs [42]. Although clinicians always clamour for
the “insulin” of psychosis, a drug which we do not currently have, these
new drugs have contributed broadly to even greater recovery in schizo-
phrenia.
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Adoption Studies

An answer to the question of the aetiology of schizophrenia has been sought
for decades. The non-biological formulations suggesting demon possession
or schizophrenogenic mothers have gradually given way to fully scientific
illness hypotheses. The question of the genetic basis of schizophrenia was
addressed most compellingly by Seymour Kety and his colleagues in the
twin registry studies carried out in Denmark [43, 44]. These scientists
compared the incidence of the illness in monozygotic twins either raised
together or separated at birth and raised in different environments. The
discovery that incidence was similar in these groups demonstrated the
power of inheritance in the aetiology of the illness. Subsequent family
studies [45] and twin studies [46] confirmed and expanded these findings.
Today a clear genetic risk for schizophrenia has been defined. The non-
psychotic monozygotic twin of a schizophrenic person has a 35-45% chance
of getting the illness him- or herself. While this implicates genetic transmis-
sion as a definite aetiological factor [47], it also suggests that other factors
influence illness onset as well. Other environmental factors which increase
the risk for schizophrenia include perinatal accidents, birth trauma, social
stress and second-trimester viral illnesses in the mother [48].

Obstetrical Complications

The concept of a neurodevelopmental disturbance playing a role in schizo-
phrenia is appealing, in part, because several clinical studies have demon-
strated that patients with this disorder seem to have a higher than expected
incidence of obstetrical complications in their birthing records [48-50]. More
recently, a similar pattern has been demonstrated for patients with bipolar
disorder [51]. Interestingly, it was recently concluded from a study of the
GABA, receptor in the hippocampus of schizophrenics that there is a very
broad window of opportunity for inducing such changes. This can be as
early as the second trimester [49], during the perinatal period when the
maturation of neuronal processes is actively occurring, or perhaps even
much later during late adolescence and early adulthood when the prodrome
of the illness is actually beginning [52].

Two-Factor Model

Recently, a “two-factor” model of schizophrenia [50] has postulated that
both a genetic [43, 45, 53, 54] and an environmental risk factor explain the
occurrence of this disorder. Family studies of psychotic disorders have
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demonstrated two basic patterns of inheritance. On the one hand, both
affective disorders and schizophrenia are seen among the family members
of schizoaffective patients [55, 56] while, on the other, schizotypal personal-
ity disorder tends to be seen in the first-degree relatives of those with
schizophrenia [45]. Schizoaffective patients could be a genetically hetero-
geneous group of patients who carry the genes for both schizophrenia and
affective disorder [56], while these latter two disorders may each reflect two
distinct patterns of inheritance. An important question to ask is whether any
of the post-mortem findings reported to date might reflect a susceptibility
gene specific to one or the other disorder.

Among potential environment risk factors, obstetrical complications have
been found to occur with considerable frequency in the birthing records not
only of patients with schizophrenia [49, 50], but also of patients with manic
depressive illness, particularly those with chronic psychotic features [51,
57]. As discussed above, however, non-specific stress during the prodrome
of the illness, and perhaps even later, could play a role in the induction of
histopathological changes in the brain. Based on these considerations, one
could postulate that histopathological changes seen in both schizophrenia
and affective disorder could potentially be related to a non-specific factor
that is common to both disorders, while those that occur in only one
disorder, but not the other, might reflect the presence of a specific suscepti-
bility gene [58].

BRAIN IMAGING STUDIES

Modern imaging techniques enabling the visualization of in vivo brain
structure, neurochemistry and function have literally opened up the living
human brain for scientific study. While brain characteristics from post-
mortem tissue in schizophrenia have been described throughout the twen-
tieth century, the translation of abnormal tissue characteristics into living
dysfunction has been difficult. Neuropathology studies often focus on end-
of-life neural changes in an illness, whereas in vivo brain imaging studies
can be targeted to persons with early and still active illness. Nonetheless,
resolution is at the cellular and molecular level with neuropathological
techniques, whereas it is only at a 2- to 4-mm resolution with in vivo
imaging techniques altogether, making these two techniques highly comple-
mentary. While in other body organs, like the heart, the mechanisms of
function are reasonably clear from structure, the brain is more subtle in its
translation of structure into function. Determining how brain regions, neur-
onal populations and transmitter systems form themselves into regional
(micro and macro) networks to subserve motor and cognitive behaviours
is a daunting task even with the techniques we have today.
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Schizophrenia is an illness lacking a diagnostic neuropathology and
where functional alteration in the behaviour of neural networks could be
the basis for the clinical phenotype. Our knowledge of schizophrenia biol-
ogy has been firmly advanced in recent years using brain imaging tech-
niques to identify dysfunctional regions and their connectivity. Several
regions of human brain have consistently been identified as abnormal across
laboratories: (a) hippocampus, (b) anterior cingulate cortex (ACC), (c) dor-
solateral prefrontal cortex and, occasionally, (d) the parietal and superior
temporal cortices.

Hippocampus

Although there is an overall reduction in brain size in schizophrenia of
approximately 3% and ventricular dilatation [59-63], hippocampal volume
is differentially reduced in the illness. The magnitude is still not great,
approximately 5%, but it is consistent across studies [64, 65] and remains
when the volume is corrected for overall brain size [66]. Not only is the
volume of the hippocampus reduced, but its shape is distorted as well, with
the greatest distortion in the anterior/middle section [67]. The idea that
abnormalities in the hippocampus can vary along its caudal-rostral extent,
in addition to in its histological subfields, is apparent with these data. In
imaging studies of monozygotic twins discordant for schizophrenia, the ill
twin inevitably had the larger ventricles [65, 68] and the smaller hippocam-
pal size, indicating an independence of this finding from genetic causes and
its probable association with the expressed illness.

Functional characteristics of the hippocampus were reported in early
functional imaging studies, even though resolution in these first studies
was not optimal. Early it was reported that medication-free, floridly psych-
otic volunteers evidenced abnormal hippocampal metabolism [69], as did
psychotic twin pairs [70]. As resolution has increased in functional magnetic
resonance imaging (fMRI) studies, and positron emission tomography (PET)
studies have incorporated MR-guided sampling, several interesting, pos-
sibly pivotal, observations have been made about hippocampal activity.
First, Heckers et al. [71] noted impaired recruitment of hippocampal acti-
vation during task performance, along with an increase in baseline regional
cerebral blood flow (rCBF). Thereafter, Medoff et al. [72] noted not only that
basal activity was significantly increased, but that it was increased in medi-
cation-free schizophrenia volunteers, with “‘normalization”” accompanying
antipsychotic treatment. Moreover, the increase was present only in the
anterior/middle region and not in the posterior compartment, compatible
with the previous morphometric data [67]. Still further, in response to keta-
mine stimulation [providing N-methyl-p-aspartate (NMDA)-sensitive glu-
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tamate receptor inhibition], middle hippocampal rCBF was abnormally re-
duced in schizophrenia and remained unchanged in the control individuals.

These imaging findings identify a functional abnormality in in vivo
hippocampus in schizophrenia across laboratories, influenced by antipsy-
chotic treatment and localized to the anterior half compared to the un-
affected posterior portion. The abnormal sensitivity to NMDA receptor
inhibition in schizophrenia is compatible with the idea that the schizo-
phrenic hippocampus has a pre-existing reduction in glutamatergic activity
at the NMDA receptor [73]. Because of the extensive interaction between the
glutamate and GABAergic systems, interactive changes would be expected,
making it difficult to determine whether the primary alteration is glutama-
tergic or GABAergic. Given that the structural and functional imaging data
suggest regional differences across hippocampus, post-mortem tissue exam-
ination might well focus on anterior versus posterior differences in the
hippocampus, in addition to subfield alterations.

Anterior Cingulate Cortex

Examination of the ACC in normal individuals performing tasks associated
with attentional effort have always demonstrated the recruitment of this
cortex on a regional basis, depending on task demands. Since attention is
consistently noted to be abnormal in schizophrenia [16, 74, 75], the ACC has
been carefully examined in the illness using functional imaging. Further-
more, ACC dysfunction with a variety of complex cognitive tasks has
consistently been demonstrated in schizophrenia using a variety of func-
tional imaging techniques.

Carter et al. [76] have demonstrated a failure in full activation of the ACC
during tasks involving on-line attention and error detection in schizophrenia.
Liddle et al. [77] have shown a consistent correlation of expression of positive
thought disorder with both reduced inferior frontal cortical activity and
increased anterior cingulate activity [77]. Using a novel hypothesis-led stat-
istical technique, Fletcher [78] showed that schizophrenia is associated with
failure of ACC modulation of fronto-temporal integration. In addition to the
task-associated failure of ACC activation in schizophrenia, a positive correl-
ation between ACC activity and magnitude of psychotic symptoms has been
found [79, 80]. Holcomb et al. [81] have demonstrated reduced ACC acti-
vation during performance of an auditory recognition task, where perform-
ance was matched between the patient and the control groups and all were
medication-free. Moreover, although a significant correlation between task
difficulty and ACC rCBF occurs in the normal group, this expected correl-
ation is entirely disrupted in the schizophrenia group [80]. In subjects where
task performance was equivalent, the ACC was the only brain region where



204 PSYCHIATRY AS A NEUROSCIENCE

the schizophrenic and normal groups differed. When performance between
groups was more disparate, the middle frontal cortex was also included in
the area of dysfunction [81]. Overall, across laboratories, dysfunction in ACC
activation is apparent in schizophrenia and has been associated with the
expression of psychosis. As early as 1987 [82, 83], post-mortem studies had
begun to show discrete changes in neural circuitry in ACC of schizophrenics,
and subsequent studies extended these concepts to include the GABA [84],
glutamate [85] and dopamine [86, 87] systems.

Dorsolateral Prefrontal Cortex

The middle frontal cortex has been studied using MR volumetrics, and
results differ across laboratories [88-90]. Even in studies where frontal
cortex grey and white matter volume is differentiated, results remain un-
clear, except for noting the variability and, if reported, the small change. The
decrease in frontal cortex neuropil as assessed in post-mortem tissue [91],
although possibly a chronic medication effect [92], appears to have insuffi-
cient penetration at this resolution to be apparent. However, the consistent
reports of abnormal neurochemical changes in this region in post-mortem
tissue is impressive [93-96].

A focus on function in the middle frontal cortex in schizophrenia de-
veloped early from one of the first observations using a functional imaging
methodology. Ingvar and Franzen [97] measured neuronal activity in this
region and found it to be reduced. Others followed up on this observation
and reported reduced frontal activity, particularly during task performance
[98-102]. The abnormality in working memory in schizophrenia and the
elegant work of Goldman-Rakic in non-human primates, tying working
memory performance to this region of frontal cortex, both gave these early
findings considerable credibility [103].

However, several subsequent studies have challenged this presumption
of a disease-linked abnormality in the dorsolateral prefrontal cortex. Middle
frontal cortical activity is altered with antipsychotic drug treatment: anti-
dopaminergic antipsychotics, such as haloperidol, reduce frontal cortex
rCBF selectively in the middle frontal cortex and ACC [104]. Because few
previous functional imaging studies used drug-free volunteers, aspects of
the early results could be confounded by drug status. Moreover, several
studies report that rCBF reduction in the middle frontal cortex occurs in
schizophrenia with predominantly negative symptoms, but not in schizo-
phrenia without negative symptoms [69, 105-107]. So, selecting a group of
schizophrenia volunteers in whom negative-symptom individuals are over-
represented could confound the outcome data. Furthermore, frontal cortical
activation can be normal in schizophrenic persons whose task performance
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is matched to that of the control group [81, 108, 109]. This latter observation
emphasizes the need to control for performance in functional imaging
studies so as not to confound outcome with performance. At present,
reduced activation patterns in the prefrontal cortex can be not only a
correlate of schizophrenia, but also associated with antipsychotic treatment,
negative symptoms or abnormal performance.

Other Regions

Several other regions of the brain have been selectively studied using
various imaging methodologies. The superior temporal gyrus, including
the plenum temporale, is reduced in size in schizophrenia [110-113]. In
addition, data have identified a correlation between reduction in the size
of this gyrus and the magnitude of positive symptoms in active illness
episodes. It is not only the functional association between the superior
temporal gyrus and the auditory cortex, but the proximity of the area to
the medial temporal structures, which has sustained an interest in this area
in the biology of schizophrenia.

The ascertainment of a reduction in size of the thalamus using imaging
techniques [114] stimulated closer post-mortem histological studies, espe-
cially using stereology, in individual thalamus nuclei. Several groups have
identified a reduction in neuronal number by using stereology in the dor-
somedial nucleus of the thalamus [115, 116]; the anterior medial nucleus has
been found by one group to be involved as well.

The inferior parietal cortex was found to have abnormal activation in a
preliminary analysis of primary negative-symptom persons with schizo-
phrenia [69], whereas in the overall group of active schizophrenics no signal
was apparent from the inferior parietal cortex.

Findings from functional imaging studies will soon be supplemented by
data from spectroscopy and ligand binding research. Multiple overlapping
techniques carried out in the same set of patients and with concurrent
behavioural assessment is the context in which future studies will be con-
ducted. These data provide information on regional central nervous system
involvement in schizophrenia, but also on the nature of the connections
between different brain areas. Linked studies using imaging techniques and
thereafter post-mortem histological studies provide answers to our ques-
tions of pathophysiology with their considerable synergy.

POST-MORTEM STUDIES

In the past 15 years, a wide variety of histopathological approaches have
been applied to the study of schizophrenia, a disorder with no readily
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identifiable histopathological changes. The quest for a ““neuropathology of
schizophrenia” has been given new hope as increasingly sensitive and
quantifiable approaches become available. Recent post-mortem studies are
now routinely applying sophisticated approaches such as cell counting,
immunocytochemistry (ICC), receptor binding autoradiography (RBA)
and in situ hybridization (ISH), and are beginning to lay the groundwork
for understanding how communication between neurons may be altered in
schizophrenia. In the discussion that follows, recent histopathological stud-
ies in which various quantitative microscopic approaches have been
employed are critically reviewed. As the reader will see, some exciting
possibilities have begun to emerge regarding the underlying histopathology
of schizophrenia; however, caution is needed because of the preliminary
nature of all the recent post-mortem results.

The first section deals with stereomorphometric studies, which have the
important strength of providing a broad vista of how the cortico-limbic
system may be altered in schizophrenia. Such studies generally have the
straightforward goal of determining whether neuronal cell loss is a feature
of schizophrenia. However, the path created by the pursuit of an answer to
this question has not been a smooth and untroubled one, even though
important clues have begun to emerge. In the next three sections, cytochem-
ical results from studies of the GABA, glutamate and dopamine systems,
respectively, are used to address the fundamental question of whether there
are changes in these neurotransmitter systems and, if so, whether these chan-
ges can suggest specific ways in which cortico-limbic circuitry may be
altered in schizophrenia. In this regard, an important corollary issue is
whether there is evidence of excitotoxicity in the schizophrenic brain. Hope-
fully, the reader will gain an appreciation of the complex nature of micro-
scopic studies of schizophrenia and the fact that they are themselves in a
developmental phase, one that offers great promise for eventually unravel-
ling the riddle of how neural circuitry is altered in this disorder.

Stereomorphometric Studies

In the past 15 years, quantitative microscopic approaches have been used to
assess the size of various regions of schizophrenic brain. Several groups
have provided evidence for a reduction in the volume of the parahippo-
campal gyrus [117], entorhinal region [118], the prefrontal cortex [91],
hippocampus [119], amygdala and globus pallidus [120]. It is important to
emphasize, however, that volume changes may occur as a result of many
different histopathological processes, some irreversible, but some reversible
[52]. The presence of volume loss does not necessarily indicate that neuronal
cell death has occurred. To rule in (or rule out) the presence of true neuronal
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degeneration, detailed cell counting is required; however, even with such
information, the delineation of whether a subtle excitotoxic process may
have occurred can be quite difficult. Unlike histopathological studies in the
early part of the twentieth century, the ““standard of practice” in this field
today is to employ blind, quantitative techniques [52]. Almost all of the
recent stereomorphometric studies of schizophrenic brain have presented a
meticulous account as to how measurements were performed and how the
resulting data were statistically analysed.

As predicted by the observation of volume loss (see below), cell counting
studies have detected a reduction in neuronal numbers in the prefrontal
cortex, anterior cingulate region [86, 121], primary motor cortices [121], the
entorhinal region [118, 122] and hippocampus [123, 124]. Like the cortex, the
medial dorsal thalamus [115, 125] and nucleus accumbens [114, 126] of
schizophrenics have also been found to have a reduced number of neurons.
Nevertheless, a reduction in either the density or the total numbers of
neurons is also not sufficient to prove that a degenerative process has
occurred. It is generally accepted that a ““typical” degenerative process,
like that seen in Alzheimer’s disease, must be accompanied by a “gliotic
reaction”’, i.e. an increase in the number of non-neuronal glial cells that are
involved in the removal of cellular debris left by dying neurons. It is
noteworthy that several cell counting studies have systematically evaluated
whether the density of glial cells is increased in various regions and have
found no evidence for a gliotic reaction [91, 118, 121, 127, 128]. While the
absence of such a change in schizophrenia provides a compelling argument
that a “typical” pattern of neuronal cell death does not ordinarily play a role
in this disorder, there is still a possibility that an excitotoxic process may
have occurred and may account for the lower density of neurons. One study
has demonstrated a significant increase of astrocytes that are positive for
glial fibrillary acidic protein (GFAP) in elderly schizophrenics with demen-
tia, but not in those without significant cognitive decline [129]. These latter
findings point to the importance of viewing histopathological changes in
schizophrenic brain with respect to the entire life cycle of individuals with
this disorder.

Our ability to understand the significance of neuronal loss without gliosis
has been complicated by the fact that several recent cell counting studies have
not demonstrated a reduction in the number of neurons in the hippocampal
formation [130, 131] and the prefrontal area [91, 128]. One study surveyed the
““entire cortical mantle” and failed to detect a reduction in the total numbers
of neurons in schizophrenic subjects [116]. There are many different meth-
odological factors that could potentially contribute to the differences in
findings, including the nature of the patient and control samples, the manner
in which the tissue has been prepared, the brain regions investigated and the
type of cell counting methodology employed [132].
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Neurotransmitter Systems
GABA System

The studies of the GABA system described in this section have been
designed to provide the information regarding the disinhibitory interactions
of this system with itself (GABA-to-GABA) and with the dopamine system.
There are many different markers and methods that have been used to
study the GABA system, including non-pyramidal cell counts [86, 133],
assays of GABA concentrations [134], enzymatic [135] and ICC studies of
glutamate decarboxylase (GAD) [136, 137], GABA receptor binding activity
[84, 138-140], the GABA transporter [141-145], calcium binding [146-151]
and other peptides, such as reelin [152, 153]. These studies have been
providing overwhelming evidence that the GABA system is down-regu-
lated in schizophrenia and, more recently, in bipolar disorder. Cell counting
studies have indicated that an overt loss of GABAergic cells is a feature of
bipolar disorder, but not schizophrenia. Nevertheless, patients with schizo-
phrenia also show a defect of GABAergic neurotransmission, as suggested
by the finding of an up-regulation of the GABA 4 receptor in ACC [84] and a
decrease of GADgs-immunoreactive terminals in the hippocampus of neu-
roleptic-free subjects [136]. In the latter study, a neuroleptic-dose-related
increase of terminals suggested that antipsychotic medications may act, at
least in part, by inducing sprouting of GABA terminals. This is consistent
with a study showing a marked increase of GABA terminal staining in ACC
of rats treated chronically with haloperidol [154].

Other cytochemical studies have employed ISH to examine the distribu-
tion of mRNA for GADg and GADg; [155]. In the prefrontal cortex of
patients with schizophrenia, a reduction in the number of cells expressing
GADg; mRNA has been reported by two different groups. More recently, a
decrease in expression of GADg; mRNA, but not that of GADgs, has been
noted [156]. A variety of studies have suggested that GADg; is regulated
through transcriptional mechanisms. For example, increased expression of
mRNA for this protein has been found in relation to lesioning of the sub-
stantia nigra [156], or of climbing fibres of the cerebellum [157], and in
response to systemic treatment with kainic acid [158]. In contrast, expres-
sion of GADgs [159, 160] and immunoreactivity for GADg5 protein appear to
be relatively stable [161] and to be controlled primarily through post-trans-
lational mechanisms [162]. In the hippocampus, ISH has shown decreased
expression of GADg; and GADgs [163]; however, immunoreactivity for
GADg;5 protein in terminals was reduced only in neuroleptic-free patients
[136]. Since mRNA for the two isoforms of GAD is expressed by 95% of the
neurons in rat hippocampus [164], it seems likely that complex cellular
mechanisms may be influencing the nature of the results observed in these
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post-mortem studies. The fact that changes in GADg; mRNA in prefrontal
cortex were observed not only in patients with schizophrenia, but also in
those with bipolar disorder [153], suggests that these changes may be
related to a non-specific factor associated with both disorders. Interestingly,
differential expression of mRNAs associated with the two isoforms of GAD
have been reported in relation to both acute and chronic stress [165], al-
though in this case that for GADg;y is increased, rather than decreased as it is
in schizophrenia and bipolar disorder. A recent study has attempted to
model for the effects of pre- and/or postnatal stress by injecting rats with
corticosterone [166]. Within 24 hours of the last injection, a decrease of
mRNA for GADgy, but not for GADgs, was observed in the dentate gyrus,
CA4, CA2 and CALl of rats exposed both pre- and postnatally. Five days
after the last injection, however, the levels of mRNA for GADg; returned to
normal, while those for GADgs were markedly increased [166].

We have specifically investigated high affinity binding to the GABA4
receptor complex. Using bicuculline as a selective antagonist, [*H]muscimol
binding was found to be increased in the hippocampus [139], ACC [84] and
prefrontal cortex [138, 167] of patients with schizophrenia. It is noteworthy,
however, that benzodiazepine receptor activity did not show differences,
suggesting that there might be an uncoupling in the regulation of these two
sites on the GABA 4 chloride ionophore complex [132]. One other study had
reported a decrease of benzodiazepine receptor binding in the cortex [168],
but it is not clear if the subjects in this study were treated with benzodi-
azepine agents prior to death. It is also important to note that this pattern
does not preclude the presence of an allosteric uncoupling in the regulation
of the receptor. In the prefrontal cortex [169] and ACC [84], increased
GABA, receptor binding activity has been preferentially found on pyram-
idal but not on non-pyramidal cells, particularly in layers II and III. This
pattern was thought to be consistent with the hypothesis that a compen-
satory up-regulation of this receptor was occurring in response to a decrease
of GABAergic neurons and/or activity. When this form of analysis was
applied to the hippocampus, a similar pattern was observed in sector CAl
[139]. In sector CA3, however, the increase of GABA, receptor binding
activity was found on non-pyramidal but not on pyramidal cells, suggesting
that a decrease of GABA-to-GABA interactions might be occurring in this
sector in patients with schizophrenia.

Single photon emission computed tomography (SPECT) has also been
employed in the attempt to study the GABA, receptor in schizophrenia
using specific ligands, such ['*I]iomazenil for the benzodiazepine receptor.
While two such studies have found no differences in patients with schizo-
phrenia [170, 171], two others have found a reduction in this binding activity
[172, 173]. Changes in the benzodiazepine receptor correlated with either
cognitive impairment [173] or severity of illness [170].
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Taken together, there are many different markers that have been used by
our and other laboratories to examine the GABA system in post-mortem
brains from patients with schizophrenia and, more recently, bipolar dis-
order. The results consistently indicate that a disruption of inhibitory
GABAergic neurons occurs in selective regions of the cerebral cortex. In
the hippocampus, however, there appear to be more complex alterations
that involve both inhibitory and disinhibitory GABA cells [174, 175] and
these changes would probably result in disruptions of the normal feedfor-
ward activity of this region.

Glutamate System

Studies using receptor binding autoradiography, ICC and ISH have sug-
gested that there are changes in NMDA, a-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid (AMPA) and kainic acid (KA) receptors in schizo-
phrenia, but these are region-specific and complex. For example, a reduction
of non-NMDA glutamate receptors, particularly the kainate subtype, has
been observed in frontal cortex [176] and hippocampus, particularly in
sectors CA4, CA3 and CA2 [177-180]. In addition to a decrease of binding
activity [179], decreased expression of AMPA receptor subunit mRNAs
[181], particularly the GluR1 and GluR2 [182], has also been reported in
schizophrenia, although not all studies have detected this change [183].
For the NMDA receptor, non-competitive ligands, such as MK801 and
TCP, that bind with high affinity to the phencyclidine (PCP) site in the
calcium channel, have been employed and have tended to show increases
in schizophrenia [184, 185], while other studies have found no differences
[186, 187]. Using ISH, one study showed a reduction of mRNA for the NR2D
subunit in schizophrenia [96], while another showed a reduction of NR1
mRNA [176, 188]. MK801 binding seems to require the NR1 and NR2A
subunits, but not the NR2B or NR2D [189]. It is plausible that an increase of
NR2D expression could give rise to an increase of binding to the PCP site,
like that seen in schizophrenia. Some evidence suggests that mRNA levels
correlated with cognitive impairment [188]. Based on a variety of observa-
tions, reduction of NMDA receptor-mediated function has been proposed to
play a role in the pathophysiology of schizophrenia [190, 191]. Some investi-
gators have specifically suggested that there may be a reduction of NMDA-
sensitive receptors on GABAergic interneurons in the cingulate cortex of
patients with schizophrenia [192]. These findings suggest an uncoupling in
the regulation of the NMDA receptor, with the NMDA site being reduced
and the PCP site being increased [193], like that seen for the GABA, recep-
tor [140]. Overall, these studies of glutamate receptors in schizophrenia
have suggested that there are decreases of the NMDA, AMPA and KA
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subtypes (for a review, see [194]). It is not clear, however, whether these
decreases represent an up- or down-regulation of the glutamate system.

Synaptic Markers

Several studies have suggested that in schizophrenia there may be changes
in the expression of various protein markers for synapses [195]. For
example, synaptophysin immunoreactivity is decreased in the medial tem-
poral lobe of schizophrenics [196]. This protein is a marker for presynaptic
elements, and a decrease is consistent with the possibility that the volume
loss seen in some brain imaging studies of the medial temporal lobe [65]
might be associated with a reduced number of synapses. Contrary to this
view, other protein markers for presynaptic terminals, such as synaptophy-
sin, syntaxin and synaptosomal-associated protein 25kd (SNAP25), have
been found to be increased in the cingulate cortex of schizophrenics, while
no change was seen in the frontal, temporal or parietal cortices [197]. These
latter data provide support for the viewpoint that there could be an increase
of synaptic complexes in the neuropil of some cortical areas, such as the
cingulate region, but decreases in others, such as the hippocampal forma-
tion and prefrontal cortex. Increased levels of growth-associated protein 43
(GAP43) have also been reported in associational cortices, such as the
cingulate cortex, of schizophrenic brain [198]. This latter protein has been
implicated in synaptic plasticity during early development and is particu-
larly abundant in the cingulate region [199]. Accordingly, GAP43 could
potentially contribute to an abnormal sprouting of axon terminals in this
region of schizophrenics [200]. It is important to point out, however, that
changes in the levels of any or all of these synaptic proteins can theoretically
occur in the absence of overt change in the number of synapses. Accord-
ingly, the above findings for synaptophysin, syntaxin, SNAP25 and GAP43
might represent changes that are restricted to the functional regulation of
these proteins in axon terminals.

ANIMAL INVESTIGATIONS

Behavioural Paradigms

Prepulse Inhibition and Limbic Filtering

The startle reflex is a complex behavioural response to intensive stimuli that

is defensive in nature [210]. An advantage of this paradigm is that it can be
used to study a broad range of species, including humans. When the
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startling stimulus is preceded by a weak prestimulus, there is a suppression
of the normal reflex [202]. This so-called prepulse inhibition (PPI) is not a
form of conditioning, but rather seems to be a measure of sensorimotor
gating that involves descending limbic cortico-striato-pallido-pontine cir-
cuitry. PPI has been found to be defective in schizophrenia [203]. Specific-
ally, patients with this disorder show a failure to habituate the startle
response and, although this is not specific to this disorder, it provides a
useful window into how a complex circuit may be functionally regulated.
Defects of PPI like that seen in schizophrenia could involve alterations in the
integration of the dopamine, serotonin, glutamate and GABA neurotrans-
mitter systems [201].

Electrophysiological studies in rodents have been directed at understand-
ing how the gating of information is regulated at the synaptic and systems
level [204]. Based on this approach, it seems likely that filtering mechanisms
like those involved in PPI are quite complex and involve the interaction of
multiple limbic regions, such as the hippocampus, amygdala and dorsome-
dial nucleus of the thalamus [205].

Fear Conditioning and the Amygdala

There are many different behavioural paradigms that could potentially be
used in modelling for schizophrenia in rodent studies. Fear conditioning
represents a particularly important one, as it measures potentiated startle
responses under conditions of stress and provides a window into the activ-
ity of complex cortico-limbic circuits. The basolateral nuclear subdivision of
the amygdala plays a complex role in associative learning and attention
[206]. By regulating sensorimotor gating of the acoustic startle response
[207], it probably contributes to fear conditioning, possibly through a mech-
anism involving its GABAergic interneurons [208]. Discrete subdivisions of
this nucleus probably contribute different components to an integrated
emotional response [209] and recall of emotional information [210]. Al-
though the amygdala is probably not the actual site for long-term stor-
age of memory, it appears to influence memory-storage mechanisms in
other brain regions, such as the hippocampus and neocortex [210]. The
amygdala is probably involved in aversive conditioning, while the hippo-
campus seems to play a role in contextual associative learning [211]. Like
the hippocampus, the cingulate cortex also works cooperatively with the
basolateral complex in mediating conditioned memory [212]. Overall, con-
nections of the amygdala with the hippocampus and cingulate cortex ap-
pear to be necessary for the acquisition, but not the maintenance, of
associative learning that occurs when fear is used as a conditioned sti-
mulus.
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Working Memory and Prefrontal Cortex

Cognitive psychologists and theorists recognize a type of memory that is
active and relevant for very short periods of time [213]. Complex para-
digms, such as the delayed response tasks (DRT), involve working memory,
and their counterpart, the Wisconsin Card Sort Test (WCST), can be applied
to human subjects. Subjects with prefrontal lesions and schizophrenia [99]
show pronounced deficits in their ability to perform this task. Accordingly,
schizophrenia has been postulated to involve a defect in the processing of
information in the dorsolateral prefrontal cortex [213]. This model is con-
sistent with various abnormalities, such as a decreased amount of neuropil
[214] and GABAergic dysfunction [96, 138], that recent post-mortem studies
have observed in schizophrenia.

Pharmacology
Dopamine

The dopaminergic system has been the most consistently targeted in schizo-
phrenia. Blockade of dopamine receptors can reliably reduce psychosis in
schizophrenia. On the basis of this observation, decades of research have
been carried out focused on discovering abnormal dopaminergic function in
schizophrenia. Other than a few ““false starts’”” [215-217], the bulk of these
studies have been either negative or non-contributory, i.e. demonstrating
only a drug effect [34]. Still, because of the power and consistency of the
drug treatment model, dopamine has continued to be taken as a pivotal
player, although perhaps no longer considered singular in schizophrenia
pathophysiology.

Carlsson’s original construct gradually evolved to include the entire dopa-
mine influenced cortico-striato-thalamo-cortical circuit potentially involved
in schizophrenia. Moreover, as striatal pharmacology has become more fully
described [218-220] at a systems and a cellular level, the need for a broader
conceptualization of the neurotransmitter system involvement in schizo-
phrenia has become apparent. Laruelle et al. [37] have used a clever in vivo
ligand displacement technique to estimate synaptic dopamine release in
striatum in schizophrenia. They have demonstrated increased dopamine
release in response to amphetamine in schizophrenic subjects compared to
control volunteers, but only in their florid state [221]. This has focused
interest again on dopamine regulation in schizophrenia. Yet, most investi-
gators now assume that regional changes in an entire system of neurotrans-
mitters are likely to be involved in schizophrenia.
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The recent characterization of a mouse knock-out, one which lacks the
presynaptic dopamine transporter protein (DAT knock-out), has provided
the field with a genetically altered mouse which is able to model the effects
of increased dopaminergic activity and is available as an animal model for
aspects of schizophrenia. Because the pharmacology of this model resem-
bles the pharmacology of schizophrenia in several key respects, the link
between increased dopamine neurotransmission and schizophrenia is
strengthened. Considerable work is focused on additional characterization
of this animal preparation.

Glutamate

Because PCP can cause schizophrenia-like symptoms in humans, and its
weaker congener ketamine can exacerbate psychotic symptoms in schi-
zophrenia, the idea that schizophrenic psychosis might be due to reduced
NMDA-sensitive ionophore activity was proposed and began to be explored.
Subsequent studies showing abnormalities in NMDA and non-NMDA glu-
tamatergic measures in schizophrenia tissue (see section on Post-Mortem
Studies) strengthen this idea. Some current data suggest that regional
changes in glutamatergic transmission in hippocampus can alter function
in that brain area [71, 72, 222] and by inference can affect the projection areas
of hippocampus, implicating regional limbic areas of hippocampus, amyg-
dala, anterior thalamus and ACC in schizophrenia pathophysiology. Several
additional kinds of data from post-mortem, in vivo imaging and cognitive
evaluation are consistent with the idea of glutamatergic involvement in
schizophrenia.

Based on a hypothesis of reduced glutamatergic transmission at some
population of NMDA-sensitive receptors being associated with schizophre-
nia, two animal preparations have been pursued as potential models for
aspects of schizophrenia: (a) the PCP, MK801 or ketamine administration
paradigm [223-227], and (b) the more elegant NK1 subunit knock-down
genetically altered mouse model [228]. Both of these models (one pharma-
cological and the other genetically engineered) reduce NMDA-mediated
glutamatergic transmission. PCP in its lower doses is a non-competitive
antagonist of the NMDA receptor. Because of the behavioural actions of
PCP and its agonists in humans, this action has been linked with psychosis
generation. Moreover, competitive antagonists at the NMDA site are also
psychotomimetic. Therefore, the behavioural and biochemical consequences
of PCP administration are taken to be putative models of psychosis
(reviewed in [42]). These include PPI disruption [229], disruption of
memory and immediate early gene activation/suppression patterns [227].
The NK1 subunit knock-down genetically engineered mouse is viable



NEUROBIOLOGY OF SCHIZOPHRENIA 215

(whereas the NK; knock-out is not). Because the NK1 subunit is necessary
for the related ionophore to gate Ca™ " as well as K, membership of at least
one NK; subunit is essential in the multimeric NMDA receptor for its full
function [230]. The knock-down mouse has NK1 expression reduced by
over 90%, so it is likely to have NK;-free NMDA receptors and reduced
NMDA-mediated transmission. Since the pathology in this genetically en-
gineered mouse parallels in one respect the pathology actually reported in
schizophrenia hippocampus [73], this model has solid face validity. This
mouse continues to be characterized and its role in testing theories and
treatments continues to emerge.

Anatomic Networks
Amygdalo-Cingulo-Hippocampal Circuitry and Stress

In 1878, Broca [231] designated a rim-like confluence of cortex along the
mid-sagittal surface of mammalian brain as the limbic lobe. Comprised
primarily of the cingulate gyrus, hippocampal formation and amygdala,
the limbic lobe has shown remarkable conservation during the phylogenesis
of mammalian brain. Based on this observation, Broca postulated that these
structures might be of central importance to the processing of the emotional
components of cognitive behaviour. More recently, MacLean [232] extended
this concept by suggesting that emotional disorders, such as schizophrenia,
might involve abnormalities in the organization and functioning of the
extended limbic system.

The amygdala is a particularly important cortico-limbic region that lies at
the anterior tip of the temporal lobe. Considered by some to be an “arbitrar-
ily defined set of cell groups”, there are nevertheless subdivisions of this
region that can be distinguished by their characteristic architecture, embryo-
genesis, neurotransmitter profiles, connectivity and functional roles. These
include an olfactory part (central and main) that projects topographically to
other regions involved in reproductive, defensive and ingestive behaviour
systems in the hypothalamus, a central nucleus that projects to autonomic
centres in the brainstem, and the fronto-temporal system that projects to the
striatum, nucleus accumbens, hippocampus and cortex. The latter system is
distinguished from the other more ““primitive”” components of the amyg-
dala by its being a ventral extension of the claustrum; because of this, it is
considered to be a derivative of frontal and temporal cortex. While the
central subdivisions of the amygdala have projection neurons that employ
GABA as a neurotransmitter, thus establishing their homology with the
basal ganglia, the projection neurons of the basolateral complex, like those
of the cortex, use glutamate as a transmitter.
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The hippocampal formation plays a central role in the retrieval of infor-
mation from memory storage [233-235]. Recent PET studies have examined
the response of the hippocampus to episodic memory retrieval [71] in
patients with schizophrenia and demonstrated that basal metabolic activity
is increased in the hippocampus at rest. The patients in this study showed a
significantly higher basal metabolic rate in the hippocampal formation.
Under the conditions of low recall, however, there was no change in cere-
bral blood flow to the hippocampus, while under high recall conditions
there was a slight decrease. The fact that the baseline was much higher than
in normal subjects suggests the possibility that a ““ceiling effect” might have
occurred in the subjects included in this study. An alternative possibility,
however, is that the hippocampus of schizophrenics may have a disturbance
in the relay of information along the trisynaptic pathway, one that belies the
overall increase of activity detected under baseline conditions.

Stress appears to play a central role in modulating the activity of both the
amygdala [236] and the hippocampus [237]. The basolateral nucleus of the
amygdala influences memory-modulating systems in relation to emotion-
ally arousing events (for a review, see [210]). Both norepinephrine and
dopamine show an increased release in the amygdala of stressed animals.
For the dopamine system, acute stress is associated with a selective increase
in the release of this transmitter from the ACC, also known as the medial
prefrontal cortex in rodents [238, 239].

The connections between the amygdaloid complex and the ACC may be
particularly important to understanding the pathophysiology of neuropsy-
chiatric disorders. Layer II of the anterior cingulate region, where a variety
of anomalies have been detected in schizophrenia (see above), receives a
““massive” input from the basolateral complex of the amygdala [240]. In a
series of post-mortem studies, an increase of vertical fibres was found in
layer II of the ACC and the entorhinal region, but not the prefrontal cortex
(for a review, see [241]). Since this latter region does not receive an appre-
ciable input from the amygdala, it seemed possible that those fibres show-
ing an increase in the anterior cingulate area might originate in a region, like
the amygdala, that projects to the cingulate cortex, but not the prefrontal
area [240]. Although post-mortem studies cannot establish a direct link
between these two neuronal compartments, it seems likely that the basolat-
eral nucleus and the anterior cingulate region may play an important role in
the pathophysiology of schizophrenia and other neuropsychiatric disorders.

Cortico-Striato-Thalamo-Cortical Loops and Central Filtering

Neuroanatomists have known for some time that there is a continuous loop
of connections between the cortex, striatum and thalamus. Since the dopa-
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mine projections to the striatum are arguably the most abundant ones in the
brain, Carlsson et al. [242] have postulated that this neuromodulator contrib-
utes significantly to the pathophysiology of psychosis and its treatment with
neuroleptic drugs via the cortico-striato-thalamo-cortical loop. Notable fea-
tures of this model include descending glutamatergic projections from the
cortex that exert an excitatory influence over GABAergic projection cells
in the striatum [243]. This circuitry involves GABA-to-GABA projection
pathways between the striatum and globus pallidus that inevitably result
in disinhibitory effects converging on the thalamus. Such a mechanism
would tend to reduce the filtering of sensory information passing through
the thalamus to the cortex, although there are also parallel relays that would
result in an overall increase of inhibitory inputs and therefore filtering
activity in the thalamus. PPI is thought to involve the nucleus accumbens,
a ventral subdivision of the corpus striatum [205], suggesting that more
limbic components of the basal ganglia may be the more precise compon-
ents of this circuitry involved in schizophrenia. In any case, the cortico-
striato-thalamo-cortical loop is a very complex circuit that offers a multitude
of mechanisms as possible drug targets in schizophrenia.

THE NEURODEVELOPMENTAL HYPOTHESIS
Disturbances of Cell Migration

The findings of a variety of changes in layer II of the anterior cingulate and
prefrontal cortices suggested the possibility that there might be a disturb-
ance in the migration of neurons in the developing cortex of subjects with
schizophrenia [244]. To investigate this possibility further, the distribution
of nicotinamide adenine dinucleotide phosphate (NADPH) diaphorase was
examined in the prefrontal cortex of normal controls and schizophrenics
[93]. The results demonstrated a significantly higher density of cells show-
ing this marker in the subcortical white matter than in the cortical mantle
[245]. Of significance to the current discussion is the fact that NADPH
diaphorase has been co-localized to subpopulations of interneurons that
are GABAergic in nature [246-254].

Reelin and Cortical Lamination

Another line of investigation that has pointed to a possible neurodevelop-
mental mechanism playing a role in the pathophysiology of schizophrenia
has come from studies of reelin, a protein extracted from the Reeler mouse
mutant. Reelin is believed to be secreted by a subclass of interneurons called
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Cajal-Retzius cells that may be GABAergic in nature [255, 256]. These
neurons are the first to appear and are localized in layer I [257]. During
early development of the cortex, they interact with Martinotti cells in deeper
laminae and may play a role in the formation of laminar patterns [257]. In
both schizophrenia and bipolar disorder, reelin and GADg; mRNA have been
found to be decreased in layer I and, to a lesser extent, layer II [152]. These
latter findings are consistent with both a cell counting study [86] and high-
resolution analyses of GABA 4 receptor binding activity [169] showing pref-
erential changes in layer II of the prefrontal cortex. The authors of these
studies propose that a down-regulation of reelin expression in this region
of schizophrenic and bipolar brain may be due to either a genetic or an
epigenetic factor. Since this protein is reduced in both schizophrenia and
bipolar disorder, it seems more likely that the changes noted might be related
to an environmental factor common to both. In this regard, it is noteworthy
that obstetrical complications have been found to occur in both schizophrenia
[49] and bipolar disorder [51, 57], making it plausible that an insult early in
life could influence the expression of this protein during adulthood.

Postnatal Ingrowth of Extrinsic Afferents

Important questions regarding the role of a neurodevelopmental disturb-
ance in the induction of altered phenotypes of GABA cells are when and
how such changes become manifest during the life cycle in individuals who
carry the susceptibility genes for schizophrenia and bipolar disorder. One
possibility is that the GABA cells are abnormal from birth; however, the
clinical observation that most subjects with schizophrenia are relatively
normal during childhood and early adolescence argues against this possi-
bility. It is important to emphasize, however, that studies in rat suggest that
the cortical GABA system continues to develop until the equivalent of early
adolescence [258-262]. Taking these observations together, a second possi-
bility is that the GABA cells are relatively normal during childhood when
they are also relatively immature, but become abnormal as their maturation
process is completed. A vulnerability gene or genes associated with schizo-
phrenia or bipolar disorder could initiate such a change. In this latter case, it
would be assumed that both disorders would share common genes and
these would be capable of altering the normal functioning of GABA cells. A
third possibility is that the GABA cells are either relatively normal or
abnormal during childhood, but their activity is quiescent as they await
the ingrowth of an extrinsic fibre system, such as the dopaminergic afferents
to the medial prefrontal cortex [263, 264]. These latter fibres continue
forming increased numbers of appositions with GABAergic interneurons
until the early adult period [265].
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Influence of Pre- and Postnatal Stress

The role of stress in the induction of changes in the cortical GABA system in
schizophrenia and bipolar disorder is an interesting issue to explore. For
example, glucocorticoid hormones have the ability to bind to the GABA4
receptor [266] and have been found to directly increase its activity [267, 268].
In this regard, it is noteworthy that the binding of [*H]corticosterone is
greatest in sector CA2 [269, 270], where schizophrenics and bipolars both
show a marked decrease of non-pyramidal neurons and the largest increase
of GABA, receptor binding (see above). It is important to point out, how-
ever, that stress is believed to increase rather than decrease the activity of the
GABA system [272-274], although it is possible that chronic stress, particu-
larly when preceded by stress in utero, might result in an eventual decrease
in the activity of this transmitter system. This possibility is particularly
intriguing when the marked sensitivity of GABAergic neurons to excitotoxic
injury [275] is taken into account. It is believed that cell death in this setting
probably requires both an increase of excitatory activity and an increased
release of glucocorticoid hormone [276].

Another important component to the stress response is the increased
release of dopamine that occurs in the medial prefrontal cortex [238, 239].
Relevant to this discussion is the fact that an increase of dopamine varicos-
ities forming appositions with GABAergic interneurons has been induced
by exposing rats both pre- and postnatally to stress-related doses of corti-
costerone [87]. Thus, it is possible that the postnatal maturation of GABA
cells in the cortex may be normally influenced by the ingrowth of dopamine
fibres, but abnormally affected when this occurs in individuals for whom
pre- and postnatal stress are comorbid factors. In this latter case, it would
have to be assumed that any gene or genes involving the dopamine system
and perhaps also cortical GABA cells would be affected by prenatal expos-
ure to stress and would be permanently sensitized in such individuals.

CONCLUSIONS

It should be evident from the above discussion that the past 20 years have
produced an exponential growth in our understanding of the pathophysiol-
ogy of schizophrenia. The availability of increasingly sophisticated brain
imaging and molecular approaches have made it possible to investigate
the structure and function of the human brain under both normal and
abnormal conditions. So, what have we learned about schizophrenia? Al-
though the genetic component of this disorder has remained elusive, brain
imaging studies have demonstrated that schizophrenia probably involves
multiple brain regions, including the prefrontal region, anterior cingulate
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cortex, hippocampus and amygdala. Post-mortem studies are suggesting
that superficial layers of these cortical areas and sectors CA4, CA3 and CA2,
but not CA1l, show more prominent, though not exclusive, changes in
schizophrenia. There is not as yet a consensus as to whether the metabolism
in these various regions is over- or underactive, and there continues to be
conflicting evidence as to whether the glutamate system is up- or down-
regulated. There is, however, a growing consensus that GABAergic inter-
neurons within the cortico-limbic system are probably unable to provide
sufficient amounts of inhibitory modulation to excitatory projection neurons
and possibly also to other GABA cells in the hippocampal formation.
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INTRODUCTION

The study of stress, fear and anxiety was the major focus of research among
the early neuroscientists interested in behaviour. This is not surprising,
because fear, anxiety and alarm play a fundamental role in survival. Thus,
research investigating the phenomenology and neurobiology of anxiety,
fear, startle, arousal, alarm, vigilance and alerting functions has been con-
ducted for decades.

In the late nineteenth century, James [1, 2] investigated the neurobiology
of fear and rage. He proposed a direct connection between peripheral bodily
changes and emotion and launched the concept that some individuals might
be unusually responsive to interoceptive cues. A modern analogue of this
concept (i.e. anxiety sensitivity) has received renewed interest in the litera-
ture. According to this modernized theory, selected somatic sensations
serve as powerful stimuli for fear or alarm in some patients with anxiety
disorders [3-5]. Certain subtypes of symptoms may be particularly linked to
anxiety vulnerability [6], although “anxiety sensitivity’” per se is an unreli-
able predictor of anxiety responses to chemical substances known to induce
panic attacks [7]. There is also evidence that anxiety sensitivity may be a
heritable trait, particularly in women [8]. Thus, while James’s hypothesis
stimulated interest in the neurobiology of emotion, particularly the auto-
nomic nervous system, more recent research teams have rekindled and
expanded these notions to include genetic and gene-environmental inter-
actions.

In the early twentieth century, Cannon [9, 10] demonstrated that
emotional stimuli might induce adrenal gland secretion. In a series of
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experiments, Cannon showed that cats exposed to barking dogs release
epinephrine. Cannon’s experiments inspired research investigating the neu-
roendocrinological basis of stress, much of which prevailed in the 1950s and
1960s (for reviews, see [11-13]).

Interest in biological factors underlying anxiety was again stimulated by
the work of Cohen and White [14], who noted exercise intolerance and
increased production of lactate levels in the blood of individuals with
neurocirculatory asthenia, the diagnostic forerunner of panic disorder
(PD). The work of Mandel Cohen can be linked to today’s ongoing research
related to chemical models of anxiety, particularly in relation to lactate-
induced and CO;-inhalation-induced panic attacks.

The observations of Klein [15, 16], who proposed two distinct types of
anxiety (generalized and panic anxiety) with differential drug responsivity,
became the impetus for much of today’s investigations into the biological
basis of anxiety disorders. Complementing Klein’s work was that of Pitts
and McClure [17], who developed a method for inducing anxiety by admin-
istering intravenous lactate. These separate lines of investigation converged
to influence the modern era of anxiety disorder research. In fact, pharmaco-
logical and related challenge paradigms remain a valuable strategy for the
study of anxiety, fear, alarm, startle and arousal functions in humans.

Among the DSM-IV anxiety disorders, PD, obsessive-compulsive dis-
order (OCD) and post-traumatic stress disorder (PTSD) have been most
intensively investigated, although several research teams have conducted
elegant studies investigating the neurobiology of social anxiety disorder and
generalized anxiety disorder. Despite these efforts, no definitive pathophy-
siological or genetic abnormality has been found for any anxiety disorder.
Recent advances in the development of research tools, such as real-time
functional magnetic resonance imaging (fMRI) [18, 19] and microarrays [20-
22], hold great promise for our ability to define more precisely the neuro-
circuitry and genetic—environmental causations of selective anxiety dis-
orders.

This chapter provides an overview of PD, OCD and PTSD. These anxiety
disorders were selected because for each of them an extensive base of
knowledge exists in two or more of the following areas: neurochemistry,
neuroendocrinology or neuroimmunology, and neurophysiology. For each
disorder, however, we selected subtopics that represent unique or particu-
larly salient features of that disorder. For example, under neuroendocrinol-
ogy-neuroimmunology, we discuss the hypothalamic—pituitary—adrenal
(HPA) axis system in PD and PTSD, hypothalamic—growth hormone
(GH)-somatomedin (HGS) function in PD, and post-streptococcal auto-
immunity in OCD. Thus, we provide an update of information that is
particularly relevant or novel for each anxiety disorder, rather than offering
a catalogue of common information. Because of the emergent critical value of
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neuroimaging and genomic strategies to investigate anxiety—fear-alarm-—
arousal mechanisms, we also provide a brief synopsis of what is known
about the genetics and neuroanatomy-neurocircuitry of PD, OCD and PTSD.

PANIC DISORDER

Until the 1960s, PD was subsumed under various names, such as anxiety
neurosis, neurocirculatory asthenia, soldier’s heart, and Da Costa’s syn-
drome (for review, see [13]). Originally thought to be a rare condition, PD
is now known to be a prevalent mental disorder—12-month prevalence is
approximately 1% [23]—with devastating socioeconomic consequences,
such as job loss, financial dependence, excessive health care utilization
[24-27], and a markedly adverse effect on quality of life [28, 29]. Of particu-
lar concern is that PD is associated with a high prevalence of suicidal
behaviours [30].

A range of biological and psychosocial theories have been proposed to
explain the onset and course of panic attacks and the secondary compli-
cations of anticipatory anxiety and agoraphobia. Among the anxiety dis-
orders, PD was the first to be extensively studied from a biological
perspective. Three decades of research have led to several conclusions: (a)
PD is a familial condition, with considerable evidence of a genetic transmis-
sion; (b) neuroanatomical substrates that mediate panic attacks, conditioned
fear responses and avoidance behaviours are complex, overlapping and
highly redundant; (c) abnormalities in respiratory system function are
common in PD; (d) panic attacks, the core pathological feature of PD,
occur during both awake and sleep states; (e) differential behavioural and
biochemical responses to selective agents implicate noradrenergic, seroto-
nergic, benzodiazepine-y-aminobutyric acid (GABA) and adenosinergic
systems in the neurobiology of PD; and (f) blunted GH responses to
clonidine are the most consistently observed neuroendocrine abnormality
in PD.

Neurogenetics

First-degree relatives of patients with PD have up to a 21-fold greater
lifetime risk of PD than relatives of unaffected probands [31-37]. The con-
cordance rate in monozygotic twins has been uniformly reported to be
higher than that in dizygotic twins [38], suggesting a genetic contribution.
However, the concordance rate for panic in monozygotic twins is less than
50%, indicating that genes are not the only cause of the disorder. On the basis
of twin studies and other lines of evidence, it appears that a susceptibility
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to, rather inheritance of, panic is transmitted from affected parents to
offspring.

Several candidate genes have been proposed and have either been ex-
cluded by candidate gene probe and linkage studies [39, 40] or have yet to
be confirmed [41-44]. Increasingly, it appears that PD, as well as other
constructs related to behavioural inhibition, develops as a by-product of
multiple genes and gene—environmental interactions [20, 31, 45, 46].

Neuroanatomy

Most of the neuroimaging studies in PD patients have reported regional
reductions in cerebral blood flow (CBF) or metabolism. Reiman ef al. [47]
found a decreased left/right parahippocampal blood flow ratio with posi-
tron emission tomography (PET) using [°O]H,0 in lactate-vulnerable PD
patients. Subsequently, Nordahl et al. [48], using PET with '®F-labelled
deoxyglucose (FDG), found a decreased left/right hippocampal ratio of
metabolism in PD patients compared to normal controls. In contrast, an
increase in glucose metabolism was found in the left hippocampal and
parahippocampal area in a study comparing cerebral metabolic activity
using PET-FDG in six female lactate-sensitive PD patients compared to
healthy female volunteers [49]. Other studies have shown reduction in
global CBF [50, 51] as well as involvement of right superior temporal,
right inferior parietal [49], frontal [52] and occipital cortex [53] in chemically
sensitive PD patients.

Overall, the majority of research indicates an alteration in the hippocam-
pus and the adjacent cortex (parahippocampus) in PD patients. These
changes in CBF and metabolism could be due to vasoconstricting effects of
hyperventilation-induced hypocapnia, which is common in PD patients,
especially during lactate-induced panic [54]. However, there is also evi-
dence that PD patients are more sensitive to the vasoconstrictive effects of
hyperventilation-induced hypocapnia than are non-panic subjects [51, 55,
56]. Gorman et al. [51] speculate, however, that additional factors other than
hyperventilation-induced hypocapnia are involved in the mediation of cere-
bral vasoconstriction.

An extensive literature indicates that the amygdala plays a crucial role in
signs and symptoms of anxiety and fear (reviewed in [57]). The amygdala
receives sensory information through its lateral and basolateral nuclei. In
turn, these nuclei project to the central nucleus of the amygdala, which then
projects to hypothalamic and brainstem target areas implicated in anxiety
and fear [58, 59]. Thus, the central nucleus of amygdala has extensive
efferents to many brain regions that influence key signs and/or symptoms
associated with panic or panic-like syndromes. For example, the central
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nucleus of the amygdala has projections to brain regions that directly or
indirectly regulate behavioural “vigilance”, “alarm” and “arousal” (e.g.
noradrenergic nucleus locus coeruleus) and defensive behaviours (e.g.
central grey region [51, 57]), respiratory rate (e.g. parabrachial nucleus),
pupillary, heart rate and HPA axis functions (e.g. lateral nucleus and para-
ventricular nucleus of the hypothalamus, respectively).

Based on these and other preclinical observations, several investigators
have suggested that PD patients suffer from a dysregulation in anxiety—
fear—alarm-arousal-startle systems, which conceivably could have different
points of initial “activation” or origin of pathology, in brain areas such as,
but not limited to, the central nucleus of the amygdala, bed nucleus of the
stria terminalis, hippocampus, thalamus, hypothalamus, anterior cingulate,
periaquiductal grey or other brain regions [51, 58-67].

It should be underscored that the biological functions of anxiety and fear
(as well as arousal, startle and alarm) serve complementary functions in
terms of promoting survival in humans and animals. However, several lines
of evidence indicate that the neural or endocrine substrates subserving
anxiety—fear—alarm-startle-arousal functions can be differentially “‘acti-
vated” by independent temporal, developmental and environmental factors
(see also [57, 68-73]).

Neurophysiology
Respiratory System

Respiratory system dysfunction in PD is suggested by the observation that,
compared to normal controls, PD patients have an increased sensitivity to
exogenous lactate and CO, inhalation.

In the original study by Pitts and McClure [17], intravenous adminis-
tration of sodium lactate produced panic in susceptible individuals, but not
in normal subjects. Several subsequent studies have shown that 50-70% of
PD patients, compared to approximately 10% of normal volunteers, have
panic attacks after intravenous sodium lactate infusion [74, 75].

Numerous studies have attempted to identify the panicogenic mechanism
of exogenous lactate. These include changes in acid-base status [76], serum
ionized calcium or phosphate [77, 78], intravascular volume and CBF
[79, 80]. Hyperventilation, however, is probably the most consistent behav-
ioural and physiological correlate of lactate-induced panic [54, 78, 81]. These
findings suggest that lactate-induced panic is associated with changes in
respiratory drive functions.

It is now well established that CO, inhalation induces panic attacks and
that these events resemble naturally occurring panic [82]. CO, inhalation
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induces a significantly greater number of panic attacks and more severe
ratings of anxiety in patients with PD than in normal control subjects
[83-91]. Among the various strategies to investigate CO, reactivity, re-
breathing air and inhalation of 5%, 7% and 35% CO, have been employed
in the study of PD. Although the relative rates of CO,-induced panic differ
depending on the methodology, independent studies have consistently
demonstrated a greater sensitivity to CO, in PD patients compared with
normal control subjects [82-84, 86-92].

There is some evidence to suggest that single-breath 35% CO, inhalation,
in contrast to other CO, concentrations or to re-breathing techniques, may
be the most effective method for identifying differences in CO, reactivity
across different diagnostic groups [92, 93]. Single-breath 35% CO, inhalation
distinguishes patients with PD from patients with major depression [94],
OCD [92, 95] and generalized anxiety disorder [96], with the greatest rates
reported in the PD patients. Interestingly, a recent study found that 5-7%
CO, inhalation triggered panic attacks at similar rates in both patients with
PD and those with premenstrual dysphoric disorder, and that both groups
had increased sensitivity compared with normal control subjects and de-
pressed patients [86]. The existence of either comorbid depressive disorder
or generalized anxiety disorder renders PD patients more vulnerable to the
effects of 35% CO, inhalation [96, 97].

Medications effective in PD block the panicogenic effects of 35% CO,
[89, 98-100] and decrease sensitivity to CO, [101].

In summary, there is firm evidence that patients with PD have an in-
creased sensitivity to exogenous lactate and CO, inhalation. The mechan-
isms underlying these increased sensitivities remain unclear. Klein [102]
and several other authors [20, 66, 84, 103] have proposed abnormalities in
CO; concentrations or CO, receptor sensitivity, primarily hypersensitivity.
Even if chemoreceptor up-regulation proves to be a core abnormality in PD,
it is reasonable to assume that a combination of factors and different patho-
logical processes may cause CO, receptor abnormalities. In addition,
systems that mediate CO,-induced anxiety interface with other systems
known to be involved in anxiety and startle, such as the locus coeruleus
and HPA axis. What particular sequence or requisite neurochemical or
biological events must be present to cause panic attacks remain unknown,
although alterations in respiratory drive and CO; receptor function would
seem, on the basis of current information, to play a key role. In fact, CO,-
induced panic attacks, once triggered, appear to be inevitably associated
with increases in minute ventilation and respiratory rate [86]. Nonetheless,
it should be underscored that not all PD patients experience panic attacks or
demonstrate other evidence of CO, over-reactivity [82, 90]. Taken together,
these observations suggest that those genetic, biological and environmental
factors that confer increased sensitivity to CO, inhalation (or lactate) are not



BIOLOGICAL RESEARCH IN ANXIETY DISORDERS 243

identical to those factors that cause PD. Some investigators have found an
increased respiratory sensitivity to CO, inhalation in subjects at high risk for
PD (defined as the presence of PD in first-degree relatives) compared with
people at low risk (absence of PD in first-degree relatives) [104-108]. Future
research will determine whether increased CO; inhalation sensitivity can be
used as a biological marker for susceptibility for panic attacks in non-
anxious individuals, with or without an increased familial risk for PD.
High throughput gene screening will also permit the identification of pos-
sible genes associated with the lactate-sensitive and CO;-sensitive endophe-
notypes, which may represent a more productive research approach to
identifying candidate genes than simply studying patients with “categor-
ical” diagnoses such as PD.

Sleep

Common sleep complaints in PD patients are insomnia, restless or broken
sleep and sleep panic attacks [109-116]. Sleep panic attacks are the most
disturbing and disabling sleep problem in PD. Not surprisingly, PD patients
with sleep panic attacks report higher rates of insomnia, especially non-
restorative sleep and frequent awakenings, than do PD patients who do not
suffer such attacks [115, 117-119].

In terms of sleep architecture, most polysomnographic studies have not
found major abnormalities in PD [114, 116, 120]. For example, the widely
reported shortened rapid eye movement (REM) latency observed in depres-
sion is not characteristic of PD. Particularly noteworthy, however, is the co-
existence of sleep panic attacks in a majority of patients with otherwise classic
daytime, “wake”” panic attacks. Sleep electroencephalography (EEG) studies
indicate that sleep panic attacks, often reported by PD patients as their most
distressing symptom, emerge during the transition from late stage 2 to early
stage 3 sleep [121], when dreaming is absent and cognitions are minimal.

Interestingly, unlike patients with major depression, PD patients experi-
ence a worsening of anxiety, including the precipitation of panic attacks, after
24 hours of sleep deprivation [121-123]. Furthermore, Uhde and coworkers
reported that PD patients with recurrent sleep panic attacks tend to develop a
conditioned fear of sleep, and, as a result, develop sleep deprivation [121, 124,
125]. The subgroup of PD patients with comorbid sleep panic attacks (30—
65%, depending on the diagnostic criteria), therefore, are particularly at risk
for developing a positive feedback loop of worsening psychopathology. That
is, sleep panic attacks promote a conditioned fear of sleep, and of the sleep
environment [121], which leads to avoidance of sleep and sleep deprivation,
followed by an increase in the frequency and intensity of both daytime
““wake’” and nocturnal sleep panic attacks.
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Based on these observations, our laboratory speculates that patients with
sleep panic attacks share a common biological diathesis, and possibly a
common genetic heritability, with PD patients who report CO,-induced
and relaxation-induced panic attacks. Future research will also focus on
the relationship between possible subsets of symptoms, within the spectrum
of “wake” and “‘sleep” panic attacks, that predict liability to the develop-
ment of conditioned fear and avoidance behaviours.

Neurochemistry
Noradrenergic System

In the late 1970s, Redmond and Huang [61] found an association between
the activation of the locus coeruleus, the major noradrenergic nucleus in the
brain, and fear behaviours in stump-tail monkeys. Subsequently, several
groups of investigators [126-131] proposed noradrenergic dysfunction, pri-
marily overactivity, in PD. A number of probes were used to assess the
noradrenergic system in PD.

Yohimbine, an a, adrenoceptor antagonist, has consistently been shown
to induce behavioural and cardiovascular hyperactivity in PD patients [128,
132, 133], suggesting «, adrenoceptor supersensitivity. The anxiogenic re-
sponse to yohimbine is particularly linked to panic attacks. Moreover, the
increased behavioural sensitivity to yohimbine in PD is distinctly different
from the anxiogenic responses observed in other anxiety and neuropsychia-
tric disorders [134-136].

A blunted cardiovascular response to clonidine, an o, adrenoceptor
agonist, has been reported in PD patients, but this has not been consistently
replicated [129, 131, 137]. In contrast, blunted GH responses to clonidine
have been reported and independently confirmed by several research teams
(for original data and review, see [64]). This finding, however, is not limited
to PD and has been observed in patients with depression [138], generalized
anxiety disorder and OCD (reviewed in [64, 139]).

The regulation of GH release is complex and is influenced by noradre-
nergic, cholinergic, dopaminergic, GABAergic and serotonergic systems, as
well as by GH releasing factor (GRF), somatostatin release-inhibiting factor
(SRIF) and GH itself via feedback loops. However, not all agents that
stimulate GH release are blunted in PD patients, indicating that there is no
intrinsic, primary abnormality in the HGS axis in PD [64]. Interestingly,
patients with PD continue to demonstrate blunted GH responses to cloni-
dine even after effective treatment with fluoxetine [140]. It is possible,
therefore, that the blunted GH response to clonidine is a “‘trait” marker
for disturbances in anxiety—fear-alarm-arousal systems, although a linkage
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to genes known to regulate GH or GH receptors has not been reported in
PD.

Taken together, these data are consistent with the theory that PD (and
probably several other anxiety disorders) is characterized by noradrenergic
overactivity, resulting in down-regulation of a; adrenoceptors at the level of
the hypothalamus. These data also suggest that alterations in noradrenergic
activity (and its behavioural analogues of increased arousal and alarm) may
be linked to many anxiety and mood disorders, and are probably not
specific to PD.

There is inconsistent evidence in favour of § receptor involvement in PD.
Beta-blockers are generally ineffective in the treatment of PD, although the 8
adrenergic receptor agonist isoproterenol has been shown to induce panic
attacks in susceptible individuals at the same rate as sodium lactate [75].

Adenosinergic System

As reviewed elsewhere [141-146], ““chemical models” (i.e. the induction of
anxiety via the administration of drugs or peptides) have been employed as
a research tool to investigate neurotransmitter systems in PD. Our research
team has been particularly active in developing and studying the caffeine
challenge test as a tool for the study of anxiety disorders, particularly PD.
We also have proposed that acute caffeine intoxication and chronic caffein-
ism, respectively, are nearly perfect mimickers of PD and generalized anx-
iety disorder [146, 147]. Finally, several lines of evidence indicate that PD
patients have an increased sensitivity to caffeine. Because of its relevance to
both clinical practice and the study of adenosinergic function in PD, a
summary of the behavioural and biochemical effects of caffeine is provided
below.

Without making any reference to “‘panic attacks”, Greden [148] reported
three cases in which the clinical profile of caffeinism was essentially
identical to that of anxiety neurosis, the diagnostic forerunner of PD [13].
Interestingly, in one case, Greden [148] reported that an individual who had
recently consumed large amounts of caffeine developed dyspnoea, light-
headedness and changes in cardiac rhythm, suggestive of a panic-like event.
In four cases, Uhde [147, 149] found that the effect of high levels of caffeine
consumed over short or long periods of time, respectively, was indistin-
guishable from DSM-III/IV panic attacks or generalized anxiety symptom-
atology. Interestingly, in one case excessive caffeine induced a sleep panic
attack. That caffeine can induce symptoms of anxiety is hardly a new
observation [150, 151], although it probably remains one of the most unrec-
ognized of common problems in general medical practice. Other than minor
age-appropriate life stressors, none of our four subjects had suffered from
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anxiety disorders earlier and all four improved with the gradual decrease in
their daily caffeine intake. These observations are noteworthy for two
reasons: they suggest (a) that caffeine can induce symptoms of anxiety in
medically and psychiatrically healthy people, and (b) that caffeine-induced
anxiety, depending on prior levels and patterns of consumption, can trigger
panic attacks or generalized anxiety that are identical to symptoms observed in
patients with panic and generalized anxiety disorders.

While excessive caffeine can trigger pathological anxiety in healthy indi-
viduals, including panic attacks, there remains considerable evidence to
suggest that PD patients are unusually sensitive, compared to patients
with other anxiety disorders and normal controls, to the anxiogenic effects
of caffeine. What is the evidence for this view?

Our laboratory found that PD patients consume less caffeine than normal
control subjects; moreover, a significantly greater percentage of PD patients
(67%) reported giving up coffee compared with either normal controls
(13-20%, matched for age, gender and socioeconomic status) or depressed
patients (22%) [149, 152]. Panic patients reported that they gave up caffei-
nated beverages and foods because of their anxiogenic and related stimulant
effects. Finally, there were several significantly positive correlations be-
tween daily caffeine consumption and measures of “anxiety’’, “insomnia”’,
“alertness” and “‘distress” (but not “well-being’’) in PD patients, which
were not found in depressed patients or normal controls (for review, see
[149]). More recent unpublished findings in our laboratory have replicated
these earlier observations in PD patients; furthermore, we have found that
patients with another anxiety disorder (i.e. social anxiety disorder) do not
consume less caffeine or discontinue its use because of its psychostimulant
effects.

To confirm the apparent increased sensitivity to caffeine (based on
self-report measures) in PD, we conducted a number of double-blind, pla-
cebo-controlled experiments in humans. In normal controls, we found a
dose-related increase in ratings of anxiety, as well as plasma cortisol and
lactate, following 0 mg (placebo), 240 mg, 480 mg and 720 mg orally adminis-
tered caffeine. Interestingly, two normal controls experienced panic attacks
for the first time in their life at the 720-mg dose. These findings, taken
together with earlier case reports [147, 149], suggest that oral caffeine at a
dose of 720mg or more can trigger panic attacks in healthy people who
typically consume low-to-average (<250 mg daily) amounts of caffeine. In
contrast, with one exception (see below), no normal control subject [153]
has experienced a panic attack (or anything resembling ““severe” anxiety)
at doses below 480mg per os or 5mg/kg intravenously. The exception
involved a normal subject who was awakened with a sleep panic attack
1 minute after receiving 5mg/kg caffeine intravenously during stage 2
sleep [154].
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Collectively, we find panic-induced rates of 0%, 0%, 3.1% and 16.7%,
respectively, in healthy normal control subjects following administration of
0mg (placebo) and 240, 480, and 720 oral milligram equivalent doses of caffeine
[i.e. assuming that oral (mg)/intravenous (mg/kg) doses of 240/3, 480/5
and 720/7, respectively, are roughly equivalent]. Based on the apparent
panicogenic “threshold” of 480 mg caffeine in normal controls, we separ-
ately compared the behavioural and biochemical effects of caffeine (480 mg
per os) in 57 patients with PD compared with 27 normal control subjects.
While not all subjects received placebo, no subject, whether patient or
normal control, had (in this or any other study) a panic attack after placebo
administration. Caffeine also failed to induce panic attacks in any normal
control. After caffeine, however, 36.9% of the patient group reported panic
attacks. Moreover, as reviewed elsewhere [146], PD patients had signifi-
cantly greater increases in plasma cortisol and lactate compared with
normal control subjects. The Yale group [155] also found differential behav-
ioural sensitivity, as reflected by caffeine-induced panic attack rates of 71%
and 0%, respectively, in PD patients and normal controls.

Interestingly, two research teams [156, 157], using taste threshold as the
dependent variable, found that caffeine lowers the level for quinine detec-
tion to a greater degree in PD patients than in normal controls. Using this
paradigm, PTSD patients were not found to have different caffeine-
mediated changes in quinine threshold compared with normal controls.

A range of studies employing different methods (dietary assessment, self-
report ratings, pharmacological challenge and taste threshold testing)
strongly support the view that PD patients have a genuine increased sensi-
tivity to caffeine compared with normal controls (well-documented) and
patients with other anxiety disorders, such as social anxiety disorder [158]
and PTSD [157].

In animal and tissue preparations, caffeine has direct or indirect effects on
multiple neurotransmitter systems implicated in the neurobiology of fear—
anxiety—arousal-startle functions (e.g. benzodiazepine-GABAergic, nora-
drenergic, dopaminergic). In addition, caffeine inhibits phosphodiesterase,
resulting in increases in cyclic adenosine monophosphate (AMP) and alter-
ations in intracellular calcium stores. Most of the neurotransmitter, phos-
phodiesterase, cyclic AMP and calcium effects, however, occur in animals at
tissue concentrations that far exceed those seen in humans consuming less
than toxic levels of caffeine. In contrast, caffeine, at doses commonly con-
sumed in humans, produces tissue concentrations associated with robust
adenosine receptor antagonist action [152, 159]. Moreover, adenosine and
caffeine, as expected, have opposite effects, respectively, in terms of de-
creasing/increasing arousal, blood pressure, seizure threshold, heart
rate, and the biological effects of the stress response (for reviews, see [146,
149]).
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In summary, it is highly likely that caffeine produces anxiogenic and
panicogenic effects in humans, possibly particularly in PD patients, via
blockade of one of several adenosinergic receptors. It is also possible that
different adenosinergic receptors—A1, A2a, A2b, A3 [160]—mediate differ-
ent components of caffeine’s anxiogenic-panicogenic spectrum [161, 162].
Although adenosine reuptake blockers that have low penetration into brain
may prove ineffective in the treatment of PD [163], drug discovery efforts
will continue to focus on the development of agonists that have preferential
action at different adenosine receptor subtypes.

Serotonergic System

Several lines of evidence in both animals and humans suggest an important
role for the serotonergic system, encompassing probably more than 14
receptor subtypes, in anxiety—fear—alarm-arousal functions. The challenge
for clinical investigators is how to investigate pre- versus postsynaptic
receptor subtype function in brain specific areas.

Pharmacological challenge with the serotonin (5-HT) releasing agent fen-
fluramine has been reported to be anxiogenic and to produce greater in-
crease in plasma prolactin and cortisol in PD patients [164]. Similarly,
several studies (but not all) using m-chloromethylpiperazine (m-CPP), a
postsynaptic 5-HT, receptor agonist, have reported increased anxiety in
PD (reviewed in [165]). However, challenge with the 5-HT precursor L-
tryptophan [166] and 5-hydroxytryptophan (5-HTP) [167, 168] as well as
tryptophan depletion [169] studies have been unable to establish a definitive
role for 5-HT dysfunction in PD.

Because the 5-HT transporter system in platelets is similar to that in the
brain, several investigators have studied [3H]imipramine or [3H]paroxetine
binding in platelets of PD patients compared to normal controls or patients
with other neuropsychiatric syndromes. Lewis et al. [170] found decreased
imipramine binding in PD, an observation that could not be replicated by
Uhde’s group [171]. More recently, using paroxetine binding (the preferred
ligand for the investigation of 5-HT transporter status), Maguire et al. [172]
and Stein et al. [173] failed to find abnormal paroxetine binding in PD.
However, Marazziti et al. [174] reported decreased paroxetine binding,
which normalized within 1 year in conjunction with clinical improvement.

Despite these mixed results, the selective 5-HT reuptake inhibitors (SSRIs)
are clearly effective in PD. It is likely, therefore, that the use of specific 5-HT
receptor probes [175] in the study of PD will lead to a more precise under-
standing of the role of different receptor subtypes in the pathogenesis and
therapy of the disorder. While there is no validated animal model of PD per
se [64], there are compelling animal data implicating 5-HT; 5 receptors in the
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neurobiology of fear (for reviews, see [176-178]). Briefly, knock-outs of
5-HT; o receptors produce behavioural inhibition and fearful behaviours in
a number of animal models (for review of conflict tests, see [179]), such as
open field [180], novel environments [181], elevated maze [181], foot shock
[181] and forced swim test [182], as well as increased heart rate responses to
foot shock and novelty suppressed feeding [178]. Interestingly, buspirone, a
partial 5-HT; o agonist, has limited anti-anxiety efficacy (and in our clinic is
used only as an adjunctive treatment for patients with any anxiety disorder).
Nonetheless, these collective findings suggest a role for 5-HT function, and
selective 5-HT receptor subtypes (e.g. 5-HT1,), in the neurobiology of anx-
iety—fear—arousal-startle systems, if not specifically in PD.

In the future, as susceptibility genes, neurotransmitter-receptor subtypes,
and neuroendocrine systems are more causally linked to different types of
behaviour (e.g. avoidance) or symptomatology (e.g. panic attacks, impul-
sivity), it is likely that DSM-IV and ICD-10 nomenclature [183] will be
replaced with more meaningful diagnostic anxiety ““endophenotypes’ [46,
184, 185]. This will move psychiatric nomenclature away from the current
“descriptive” model to one aligned with an increasingly more sophisticated
understanding of how gene, gene—environment and biological systems
interact separately and together to trigger, maintain and turn off specific
anxiety and anxiety-related behaviours in humans.

Benzodiazepine-GABAergic System

That the benzodiazepine-GABAergic system plays a role in the biological
functions of fear in animals is well established in the literature (for reviews,
see [186, 187]). The hypothesis that alteration in benzodiazepine-GABAergic
receptor function is relevant to arousal (and, conversely, sedation) in
humans is also well established, although it has not been confirmed that
any specific abnormality in the benzodiazepine-GABAergic system is inevit-
ably involved in the pathophysiology of PD or any other anxiety disorder.

Administration of both oral and intravenous flumazenil, a benzodiazep-
ine receptor antagonist, to PD patients produces clinically unimpressive
behavioural effects. Nutt et al. [188] reported increased ratings of anxiety
in PD patients, and Woods et al. [189] failed to demonstrate anxiolytic
effects. Strohle et al. [190] investigated the effects of flumazenil compared
with placebo and lactate. This team found that 8 of 10 patients had lactate-
induced panic attacks, whereas no patients experienced panic attacks after
saline or flumazenil. Coupland et al. [191] examined whether the behavioural
response to flumazenil might identify patients vulnerable to situational
panic attacks. In this study, the rate and severity of anxiety following fluma-
zenil was not significantly different between patients with social phobia and



250 PSYCHIATRY AS A NEUROSCIENCE

normal controls. Given that flumazenil, a pure or neutral benzodiazepine
antagonist, impressively reduces the sedative and anxiolytic actions of
exogenously administered benzodiazepine, triggers withdrawal symptoms
in long-term benzodiazepine users [192] and blocks the proconvulsant and
anxiogenic actions of inverse agonists, the findings with flumazenil in panic
patients suggest that PD is unlikely to be caused by a simple “deficiency” or
an “excess”, respectively, of endogenous benzodiazepine-like agonist(s) or
inverse-agonist(s).

It should be emphasized that these inconsistent behavioural effects of
flumazenil do not preclude a role for endogenous or even dietary sources
[193, 194] of benzodiazepines in the pathophysiology of PD. Changes in
benzodiazepine receptor sensitivity or distribution, as a primary disturbance
or secondary to tonic GABAergic or neurosteroid influence, remain viable
possibilities [195-197]. In fact, several research teams have independently
found, using radiolabelled iomazenil (single photon emission tomography,
SPECT) or flumazenil (PET), significant abnormalities in benzodiazepine
receptor binding [198-201]. Moreover, benzodiazepine compounds are the
only agents to block all chemical models of PD (for review, see [145]). PD
patients also have altered benzodiazepine sensitivity to benzodiazepine-
induced disruption of saccadic eye movements [188, 202, 203], although
this abnormality is not specific to PD and may be seen across a spectrum
of anxiety syndromes [203].

Thus, while the appealing notion of under- or overproduction of an
unknown endogenous benzodiazepine compound is an unlikely direct
cause of PD, there is overwhelming evidence to support a key role for
benzodiazepine-GABAergic systems in PD.

Cholecystokinin

Cholecystokinin (CCK) concentrations are lower in the cerebrospinal fluid
(CSF) [204] and lymphocytes [205] of patients with PD. These findings could
possibly result from an up-regulation of CCK receptors in PD patients
compared with healthy normal controls.

Consistent with this notion, infusions of CCK tetrapeptide, CCK-4, and
pentagastrin, a synthetic analogue of CCK-4, produce greater rates of panic
and more severe ratings of anxiety in PD patients compared with normal
control subjects [206-210]. These anxiogenic effects are blocked by CCKg
antagonists such as L-365260 and CI-988 [211, 212], tricyclic antipanic agents
such as imipramine [213], B adrenergic blockers such as propranolol [214],
but not 5-HT; antagonists such as ondansetron [208]. Studies investigating
CCKgp antagonists for the treatment of natural panic attacks in PD have been
disappointing [215-217]. Moreover, even though PD patients are clearly
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more sensitive to the behavioural effects of CCKp agonists compared with
normal controls, the panicogenic effects of CCKg agonists are not specific
to PD. Pentagastrin produces panic attacks in normal controls [206, 209,
210, 218-221] and in patients with social anxiety disorder [208, 209]
and OCD [220]. Interestingly, the panicogenic effects of pentagastrin in
patients with OCD are unassociated with a worsening of obsessions or
compulsions.

Taken together, these observations implicate CCK neuropeptides in
the chemical induction of anxiety and panic attacks. However, the robust
panicogenic properties of CCKp receptor agonists are not specific for PD.
Moreover, the neurobiological relationship between CCK-4-induced and
pentagastrin-induced panic to natural or spontaneous panic attacks, if any,
remains to be elucidated.

Given the failure to date to develop a new class of CCKp antagonist anxio-
lytic compounds, it is reasonable to question the value of chemical models as a
drug discovery strategy. For drug discovery, it is critical that all research
teams employ rigorous, consistent and reliable criteria whenever using chem-
ical models in the investigation of anxiety disorders. It remains quite possible
that entirely new CCKp antagonist compounds, with appropriate absorption
and pharmacokinetic properties, will be developed in the future.

Neuroendocrinology

Studies evaluating the HPA axis system in PD have examined plasma and
urinary cortisol levels at baseline and under different challenge conditions.
Overall, the degree of HPA axis dysfunction in PD, if any, is relatively
unimpressive, particularly in relation to the abnormalities reported in pa-
tients with major depression.

Evidence for increased plasma and/or urinary free cortisol levels has
been inconsistent [143, 222-224]. In a recent study of 24-hour blood sam-
pling of adrenocorticotropic hormone (ACTH) and cortisol in PD, some
patients had elevated overnight cortisol secretion and increased activity in
ultradian secretory episodes, but these findings were subtle [225].

Several studies have reported significant rates of dexamethasone non-
suppression in patients with PD, but many of these studies were conducted
in PD complicated by depression or severe agoraphobia (reviewed in [226]).
Finally, blunted ACTH responses to corticotropin releasing hormone (CRH)
have been reported in some older studies [223, 227], but a more recent study
found normal or slightly enhanced responses in non-depressed patients
with PD [228].

Despite these unimpressive findings with traditional indices, research
teams have reported significantly greater plasma cortisol increases in PD
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patients, compared to normal controls, after the administration of some
(m-CPP [228], caffeine [146], yohimbine [230]) but not all (lactate [231],
CO; [232]) chemical models of anxiety. Interestingly, the presence of high
cortisol levels with low pCO, has been reported in PD as a baseline pre-
dictor of panicking versus non-panicking after lactate. Moreover, in the
caffeine challenge test, PD patients have significantly greater increases in
cortisol compared to normal control subjects, although cortisol rises do not
distinguish between the panickers and the non-panickers.

Most evidence, therefore, indicates that HPA axis dysfunction, even when
present in panic patients, is modest in degree. When there is evidence of
dysfunction, it is generally in the direction of “increased” activity. How-
ever, while increases in plasma cortisol may be associated with some panic
attacks, HPA activation is not a seminal neuroendocrine correlate of panic
attacks. That similar panicogenic, but quite divergent cortisol responses, are
associated with different chemical models suggests that (a) two or more
fundamentally different pathways can mediate panic attacks or (b) HPA
activation (i.e. increased cortisol levels), when associated with panic attacks,
involves higher-level (i.e. upstream) sites within a single panicogenic path-
way, compared with site(s) in the neuronal circuit that are unassociated
with increases in cortisol.

Research supporting increased HPA activation in PD is primarily derived
from the measurement of plasma cortisol levels prior to and after the
administration of chemical agents known, at sufficient doses, to trigger
panic attacks in humans. Almost all of the data accumulated in PD patients
are, in fact, gathered under conditions where the internal experience and
behavioural responses are different (i.e. greater or more severe) than what is
experienced in the normal control subject. As a case in point, our laboratory
has consistently reported that caffeine (480 mg per os) induces panic attacks
in PD patients but not in normal control subjects. Moreover, PD patients
have significantly greater increases in plasma cortisol after caffeine (480 mg
per os) compared to normal controls, although within the patient group
there is no difference in the cortisol increment in panicking versus non-
panicking patients. Most investigators would view these data as evidence
for increased HPA activation in the patients. But what would happen if a
healthy normal control experienced a panic attack for the first time in his
life?

Using a higher caffeine dose (720 mg per os) (not given to PD patients), two
of six normal controls experienced panic attacks [153]. These panicking
normal controls had a greater than five-fold peak change (peak concen-
tration minus baseline mean) in cortisol (A15.8 £+ 1.9 pg/dl SE) compared
with the non-panicking healthy volunteers (A2.8 &+ 2.2 pg/dl). Obviously,
differences in doses (i.e. 480mg in panicking patients versus 720mg in
panicking normal controls), subjective state (i.e. experiencing versus non-
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experiencing panic attacks) and prior history (e.g. number and distribution
of lifetime panic attacks) make it impossible to ascertain the individual and
interactive contributions of dose, life stressors and other relevant factors to
the changes in cortisol. It is of interest, however, that the average caffeine-
induced mean peak change in plasma cortisol in our panicking PD patients
across all studies is 6.0 pg/dl, considerably less than the approximately
16.0 ng/dl peak change found in our two panicking normal control subjects.

It is theoretically possible, therefore, that some PD patients are unable to
mount a normal HPA axis response during panic attacks. If so, this raises the
possibility that what appears to be a relative increase in HPA activation after
the chemical induction of panic attacks is not evidence for increased HPA
axis function but, rather, either an abnormal decreased ability to mount an
adequate HPA response during panic attacks or a normal down-regulation of
the axis as a result of repeated prior episodes of panic. Future research
needs to investigate the clinical phenomenology and molecular mechanisms
that mediate both sensitization and tolerance in stress-induced and panic-
induced activations of HPA axis function.

It is beyond the scope of this review, but we have speculated that psycho-
logical factors (e.g. chronic worry) and external stressors, if sufficiently
severe, may result in alterations in growth and stature [125]. Several lines
of evidence in humans and animals support this notion [233, 234]. If it is
confirmed by independent laboratories, the locus coeruleus and HGS
systems become an ideal analogue for investigating ‘“mind-body-brain”
dynamics.

OBSESSIVE-COMPULSIVE DISORDER

OCD was thought to be rare, but recent epidemiological data indicate a
1.9-3.3% prevalence in the general population [235]. OCD is often quite
disabling and associated with significant work and social impairment and
a negative impact on family life [236]. The discovery in 1967 of the effective-
ness of clomipramine (a 5-HT reuptake inhibitor) in the treatment of OCD
was a major advance, which heralded a new era in the study of serotonergic
mechanisms in this and related anxiety disorders.

Neurogenetics

Black et al. [237] reported increased anxiety disorders in first-degree rela-
tives of probands with OCD compared with the relatives of normal controls.
These findings suggested that OCD confers an increased familial risk
for anxiety disorders, although, in this study, not specifically for OCD.
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However, Pauls et al. [238] later found significantly increased rates of OCD
and subsyndromal OCD (10.3% and 7.9%, respectively) in relatives of pro-
bands with OCD compared with relatives of normal controls (1.9% and 2%,
respectively). Moreover, a recent twin study in women [239] found that self-
reported measures of obsessions and compulsions were heritable (26% and
33%, respectively) and related in part to common genetic factors.

Rates of tics are significantly greater among the relatives of OCD patients
compared to the first-degree relatives of “‘psychiatrically unaffected” indi-
viduals [238]. Other lines of evidence [240] also suggest a comorbid, often
familial relationship between OCD and tic disorders. In addition to tic
disorders, another research team [241] found that body dysmorphic dis-
order and pathological grooming habits (nail biting, trichotillomania, or
skin picking) are also transmitted in the families of patients with OCD,
which is unrelated to the presence or absence of the somatoform or groom-
ing condition in the probands.

As has been done for PD, several candidate genes have been proposed for
OCD [242-246]. Initial investigations suggested a role for the catechol-O-
methyltransferase (COMT) and 5-HT transporter promoter genes [243, 247],
although a subsequent study provided only partial support for an associ-
ation with the COMT gene locus [248]. For genetic approaches to the investi-
gation of OCD, the reader is referred to Wolff et al. [184].

Neuroanatomy

Several imaging studies have found that basal ganglia volume is decreased
in patients with OCD compared with healthy controls [249, 250]. However,
these findings have not been consistently replicated [251, 252].

PET and SPECT investigations have demonstrated abnormalities in the
orbitofrontal cortex (OFC), anterior cingulate gyrus, and basal ganglia (espe-
cially caudate nuclei and thalamus) in patients with OCD (for reviews, see
[253, 254]). Moreover, PET studies demonstrate a decline in OFC and caudate
activity toward normal control values when OCD patients are effectively
treated with either SSRIs or behavioural therapy [253, 255-259]. Similarly,
SPECT studies have shown normalization of OFC activity [260, 261] with
SSRI treatment, whereas, by contrast, abnormalities in the OFC, caudate and
thalamus are further magnified with symptom provocation [262-267].

Converging data, therefore, suggest that orbitofrontal-basal ganglia—
thalamus—orbitofrontal circuits are important in the mediation of OCD
symptoms [256, 268-271]. Interestingly, early evidence implicating these
structures came from autopsy findings. Victims of the influenza pandemic
who developed obsessive-compulsive traits had prominent lesions in their
basal ganglia [272]. Several neurological disorders of basal ganglia, such as
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Sydenham’s chorea and Huntington’s disease, are also associated with
obsessive-compulsive symptoms.

Neurophysiology

Many patients with OCD report poor quality sleep, although the range and
quality of subjective sleep disturbance is quite broad (e.g. many patients
report no problems whatsoever, whereas other patients have major prob-
lems initiating and maintaining sleep). From a clinical perspective, most
subjective complaints can be linked to clinical aspects of the illness. For
example, adolescents and adults whose night-time activities are preoccu-
pied with thoughts about germs or performing cleaning rituals may dem-
onstrate significant increases in sleep latency, decreases in total sleep time or
abnormalities in sleep continuity [121].

Early studies [273] suggested that OCD might be associated with a short-
ened REM latency, similar in degree to patients with major depression. How-
ever, two subsequent studies failed to replicate this early observation [274,
275]. Despite these later negative findings, Huwig-Poppe et al. [276] recently
reported that the tryptophan depletion test, a strategy that decreases 5-HT
levels, produces a more marked disturbance in sleep continuity in patients
with OCD compared with normal control subjects. These findings, in addition
to supporting a role for 5-HT in OCD, suggest that the tryptophan depletion
test [277] may be a valuable strategy for investigating serotonergic functions
in sleep (or sleep deprivation) of patients with other anxiety disorders.

Interestingly, patients with OCD do not appear to have a consistent
change (either improvement or worsening) of obsessions or compulsions
after sleep deprivation [278], which stands in contrast to the worsening and
improvement seen in anxiety and depression, respectively, in patients with
PD and major depression [121]. Thus, both the tryptophan depletion test
and sleep deprivation offer interesting research tools for investigating the
neurobiology of anxiety disorders, particularly when combined with neu-
roimaging and genetic information [279].

Clinical experience suggests that sleep problems, when evident in OCD,
improve in parallel with the successful treatment of core symptoms (i.e.
obsessions and compulsions), although no research team, to our knowledge,
has confirmed this impression with polysomnography.

Neurochemistry

The efficacy of SSRIs in OCD stimulated interest in the serotonergic system.
CSF levels of 5-hydroxyindole acetic acid (5-HIAA), a 5-HT metabolite,
are elevated in some [280] but not all studies [281, 282]. Administration of
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m-CPP, a 5-HT agonist, has been found to exacerbate OCD symptoms in
some studies [283, 284], but other research teams [285-287] have not repli-
cated these findings. However, effective treatment with SSRIs is associated
with decreases in CSF 5-HIAA [281] and normalization of the neuroendo-
crine and behavioural responses to m-CPP [288, 289], supporting a role for 5-
HT systems in the pathophysiology of OCD.

There is evidence of possible involvement of opioids [290], oxytocin [291],
vasopressin [292], and gonadal steroids [293] in OCD. Although it is likely
that other neurotransmitters (e.g. dopamine, norepinephrine), in addition to
5-HT, are involved in the pathophysiology of OCD, the convergence of data
from a range of different studies and methodologies consistently supports a
key role for serotonergic systems in OCD.

Neuroimmunology

Early observations of obsessive-compulsive-like symptoms in patients with
Sydenham’s chorea (a manifestation of rheumatic fever with neurological
symptoms) suggested an autoimmune basis for childhood-onset OCD [294—
296]. More recently, Swedo ef al. [297] coined the term paediatric autoimmune
neuropsychiatric disorder associated with streptococcal infections (PANDAS) to
characterize patients whose OCD symptoms appear to have been triggered
by group A B-haemolytic streptococcal (GABHS) infections.

Patients with PANDAS may present not only with OCD, but also with
tics, as well as attention deficit hyperactivity disorder (ADHD)-like symp-
toms [297]. That PANDAS can present with attention problems and hyper-
activity led the Yale group [298] to investigate antistreptococcal titres in
patients with chronic tic disorder, OCD or ADHD and controls. Interest-
ingly, they found that ADHD predicted antistreptolysin O and antideoxyr-
ibonuclease B titres, after covarying for the presence of comorbid OCD or
chronic tic disorder. Peterson et al. [298] also found that higher antistrepto-
coccal titres were associated with increased brain volumes in the globus
pallidus and putamen of OCD and ADHD patients, but not in patients with
chronic tic disorder or control subjects. The cause—effect relationship be-
tween streptococcal infections and the onset and course of symptoms such
as obsessions, compulsions, attention problems and hyperactivity remains
unclear.

Of particular interest are findings with the expression of D8/17, an
antigen of B lymphocytes, in OCD. D8/17 is associated with greater suscep-
tibility to rheumatic fever, as a complication of GABHS infection. D8/17
expression is significantly higher in children with PANDAS and in children
with Sydenham’s chorea compared with a healthy comparison group [296].
Investigators have also found that patients with childhood-onset OCD or
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Tourette’s syndrome have significantly greater D8/17 expression than
healthy controls [299]. Taken together, these combined observations provide
formidable evidence for an autoimmune (specifically, post-streptococcal)
aetiology in childhood-onset OCD.

Ongoing research is evaluating the effects of plasma exchange (plasma-
pheresis) and intravenous immunoglobulin (IVIG) treatment in patients
with PANDAS. Although requiring confirmation, preliminary results are
quite promising [300].

Because antibiotic therapy is used to block recurrences of rheumatic fever,
penicillin prophylaxis might theoretically also be effective in the treatment
and/or prevention of infection-induced exacerbations of PANDAS. In con-
trast to the preliminary positive reports with plasma exchange and IVIG,
initial findings with penicillin prophylaxis have not been promising [301]. It
is unknown, therefore, whether penicillin prophylaxis will ultimately have a
role in the treatment of specific subtypes of OCD (PANDAS) or tic dis-
orders.

POST-TRAUMATIC STRESS DISORDER

PTSD is a chronic anxiety disorder whose symptoms have been described
since the inception of war. Kessler ef al. [302] found a 7.8% lifetime preva-
lence of the disorder (men 5%, women 10.4%) in the general population.

Neurogenetics

Both heritable and non-genomic factors influence susceptibility to PTSD
[303]. Using the Vietnam Era Twin Registry, True et al. [304] found that
genetic factors contributed 13-34% of re-experiencing symptoms and 28-
34% of symptoms related to avoidance and/or arousal clusters. In a related
study, the Washington University team [305] found that 15.3% of the risk for
PTSD was shared in common with alcohol and drug dependence. Many of
the comorbid problems associated with PTSD (e.g. alcohol abuse), therefore,
might be related to both distinct and shared genetic and non-genomic
factors.

Perhaps particularly relevant is the study of genetic factors which in-
crease the likelihood that a person will be exposed to a traumatic event.
Several lines of evidence in humans and animals indicate that certain
heritable personality or behavioural traits may increase or decrease one’s
likelihood to participate in behaviours which themselves may confer rela-
tively increased or decreased liability to be exposed to major life or trau-
matic events [306-309].
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As for PD and OCD, several candidate genes have been proposed for
PTSD, particularly those related to dopamine regulation [310], but have
not been confirmed by independent research teams [311]. In the future, it
may be more productive to investigate genetic factors associated with cer-
tain symptoms (e.g. recurrent nightmares) or biological markers (e.g. corti-
sol) associated with, but not diagnostic of, PTSD (for review, see [312]),
rather than to study the genetic risk for categorical syndromes per se (i.e.
PTSD).

Neuroanatomy

Neuroanatomical loci in both subcortical (e.g. hypothalamus and amygdala)
and cortical (e.g. prefrontal, anterior cingulate, and orbitofrontal cortex)
regions are implicated in the pathophysiology of PTSD. MRI investigations
have found right-hippocampal volume reductions in combat-related PTSD
[313], left-hippocampal volume decreases in childhood sexual abuse-related
PTSD [314, 315], and bilateral hippocampal volume reductions in veterans
with PTSD [316]. Interestingly, hippocampal volume changes correlate with
short-term verbal memory deficits in combat-related PTSD [313].

PET studies reveal decreased metabolic rates in the temporal and pre-
frontal cortex of patients with combat-related PTSD and in the parietal
cortex of patients with comorbid PTSD and substance abuse [318, 319].
Increased blood flow in the amygdala, insula, orbitofrontal cortex and
anterior cingulate and decreased flow in mid-temporal, left inferior frontal
and medial prefrontal cortex have been reported in combat veterans with
versus without PTSD [319, 320]. Interestingly, a decrease in blood flow in
the medial prefrontal cortex is observed in PTSD patients when exposed to
reminders of their original trauma [319, 320].

These imaging studies implicate a number of brain regions including, but
not limited to, the hippocampus, medial prefrontal cortex, parietal cortex
and anterior cingulate. That abnormalities in these anatomical regions have
been reported in PTSD is relevant to the spectrum of problems associated
with PTSD (for reviews, see [70, 320-325]. The hippocampus plays a role
in learning and memory (perhaps related to amnesia and flashbacks,
for example) and contextual conditioning (possibly related to the general-
ization of fear cues to associated environmental context) and the medial
prefrontal cortex mediates extinction (e.g. inability to eradicate fearful re-
sponses to cues no longer associated with trauma). Whether the apparent
decreased hippocampal size in PTSD is a consequence of trauma or a risk
factor for the development of PTSD will be an important subject for future
research.
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Neurophysiology

Sensory input and memory processing appear to be disturbed in PTSD.
Disturbances in sensory processing, which are believed to play an important
role in hyperarousal symptoms (e.g. exaggerated startle response), have
been studied using evoked potentials. Abnormal P300 (300 milliseconds
after the stimuli [326]) as well as P50 components of evoked potentials
have been reported in patients with PTSD [327]. These findings suggest
that sensory processing disturbances are independent of attentional deficits,
because sound does not achieve conscious awareness in 50 milliseconds
[328]. The first positive deflection of auditory evoked potentials exhibits
reduced sensory gating in both women with rape-related PTSD and men
with combat-related PTSD, suggesting that patients with PTSD have diffi-
culty filtering auditory stimuli [329].

In terms of memory and learning (relevant to the decreased size of the
hippocampus in PTSD, see preceding section), many studies have found
evidence of short-term explicit or declarative memory disturbances,
independent of attentional problems, in patients with PTSD [330-332].
Disturbances in memory and learning may be under-appreciated in indi-
viduals with major life stressors that do not meet the full criteria for
PTSD.

Traditional physiological indices such as blood pressure, heart rate, skin
conductance and electromyographic activity of facial muscles at baseline
and in response to various trauma-related stimuli have been extensively
investigated in PTSD. Almost two-thirds of patients with PTSD have dem-
onstrated exaggerated psychophysiological reactivity to internal or external
trauma-related cues in comparison to non-traumatized control subjects,
traumatized combat veterans without either PTSD or other anxiety dis-
orders, and traumatized individuals with other anxiety disorders
[333-335]. However, baseline measures have been similar in both PTSD
subjects and normal controls [335].

Ross et al. [336] have referred to sleep disturbance as the “hallmark’ of
PTSD and suggest that REM dysfunction may be a critical factor in
both daytime flashbacks and night-time anxiety dreams. However, poly-
somnographic findings of sleep among PTSD subjects have been inconsist-
ent [337, 338]. Higher-percentage [339] and abnormal REM sleep [340], as
well as increase in movement during REM sleep [340], have been reported
in PTSD, although these findings have not been consistently replicated
[341].

Even though a seminal role of sleep dysregulation in the pathophysiology
of PTSD cannot be established, it is clear that patients with PTSD have
disturbed sleep and frequent sleep complaints [338].
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Neurochemistry
Adrenergic System

Some studies have reported increased 24-hour urinary concentrations of
both norepinephrine (noradrenaline) and epinephrine (adrenaline) in pa-
tients with combat- and sexual abuse-related PTSD [342-344]. Moreover,
fewer total oy adrenergic receptor sites per platelet have been reported in
adults and children with PTSD compared with controls [345, 346], suggest-
ing that chronic elevation of circulating catecholamines causes a down-
regulation of available receptor sites [346]. In contrast to this, other studies
have found no significant difference in baseline catecholamine levels be-
tween subjects with and those without PTSD [347-349].

However, exposure to trauma-related stimuli increases plasma concen-
tration of norepinephrine, epinephrine and their metabolites in PTSD [350,
351]. Similarly, administration of yohimbine (an «, adrenergic antagonist)
triggers flashbacks and other PTSD symptoms in most PTSD subjects (for
review, see [328, 335, 352]). Additionally, in vitro studies have found a
greater and more rapid loss of platelet a; adrenergic receptors in combat
veterans with PTSD after incubating intact platelets with high levels of
epinephrine [345], suggesting that o, adrenergic receptors in these individ-
uals are unusually sensitive to agonist stimulation. Studies focused on both
baseline and in vitro challenges of § adrenergic receptor measures in pa-
tients with PTSD have been inconsistent [328, 353].

Serotonergic System

The evidence indicating serotonergic system dysfunction in PTSD comes
from investigations reporting decreased serum 5-HT concentration [354],
decreased density of platelet 5-HT uptake sites [355] and a blunted prolactin
response to D-fenfluramine (central 5-HT hypoactivity) [356] in PTSD pa-
tients. m-chlorophenylpiperazine, a 5-HT agonist, which primarily affects
5-HT, and 5-HT;¢ receptors, produces panic attacks and flashbacks in some
but not all PTSD subjects [357]. Probably the most consistent evidence to
suggest a role of serotonergic systems in the pathophysiology of PTSD is the
favourable treatment response to SSRIs.

Neuroendocrinology

The most widely investigated stress-responsive neuroendocrine system is
the HPA axis, although other hypothalamic—pituitary hormonal systems are
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probably equally sensitive to external cues of distress and fear [64]. None-
theless, the HPA axis system is preferentially investigated whenever
“stress”” or “traumatic” events are thought to be relevant to any medical
or neuropsychiatric disorder. The HPA axis is amenable to manipulations
under a variety of circumstances, and its hierarchical and feedback organ-
ization is well documented in the literature. Thus, it is not surprising that a
syndrome whose onset, symptomatology and course of illness are directly
linked to traumatic events and life stressors would be most intensively
investigated in relation to HPA function.

The HPA axis has several targets of potential dysfunction and includes
the hypothalamus, pituitary and adrenal gland. All of these sites, along
with their associated hormonal feedback mechanisms, have been
extensively studied in PTSD. Despite apparent increased release of CRH
[358, 359], current information suggests that PTSD patients exhibit a
unique HPA profile marked by lower urinary and plasma cortisol
levels, up-regulation of glucocorticoid receptors, and super-suppression
to dexamethasone [359, 360]. Although not all studies have found
lower urinary free cortisol levels [342], most evidence suggests that hypo-
cortisolaemia characterizes many patients with PTSD [359, 360] and is
putatively linked to an enhanced negative feedback of the HPA axis [328,
359].

The ultimate value of understanding these relationships in PTSD is ex-
tremely important both in terms of understanding the regulation of anxiety
and stress mechanisms and in dissecting out the role of genetic, environ-
mental and gene-environment interactions in the transmission of PTSD
within families and across generations.

THE FUTURE

Historically, anxiety was largely viewed as a time-limited (i.e. cross-
sectional), state-dependent expression of physiological arousal. It was under-
stood that people could experience, depending on the particulars of the
situation, a range of arousal-cognitive states from being lethargic and in-
attentive (at the low end), to being alert and attentive and, finally, to being
hyperaroused and hypervigilant (at the upper end). It is generally viewed
that most people move “across” this continuum of arousal-cognitive states,
largely dependent upon the external circumstances. In fact, the ability of a
person to rapidly adjust and match an appropriate arousal-cognitive state to
the environmental context is highly adaptive in the broadest sense of human
survival. It has also been generally appreciated that some individuals tend
to fall, semi-independently of the particular circumstances, on the low end
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or the high end of the arousal-cognitive continuum. Thus, some people tend
to have low or high “trait” anxiety.

Early in the study of anxiety disorders, some investigators tended to
study primarily the biological mechanisms of arousal, concentrating on the
anatomical and neurobiological systems that underlie the mediation of the
full range of arousal states. Other research teams tended to study primarily
the cognitive dimensions of human experience. More recent investigations
have focused on the interplay between the neurobiological and cognitive
dimensions of alarm, arousal and anxiety experiences. These attempts (i.e.
to investigate interactive and interdependent biological and cognitive func-
tions during “natural’” and ““induced”” anxiety states) have led to a greater
appreciation of how impossible, if not nonsensical, it is to assign relative
importance to the brain or mind or body in the mediation of normal or
abnormal anxiety states. Yet, attempts at making such relative distinctions
have been highly productive both in advancing our knowledge about
anxiety disorders and in the development of new drug and non-drug
treatments.

Brain, mind and body—they are all important. Each may be more or less
important in different individuals, or more or less critical at different times
within the same individual; but in the end they are intimately entangled
functions. From a clinical management perspective, integrative (e.g. bio-
psychosocial) models are the best way to understand and treat anxiety
disorders. Yet, from a research methodological perspective, studying ““inte-
grative”” models or systems in humans and animals is extraordinarily com-
plex. The scientific inquiry into and advancement of knowledge about
anxiety disorders has progressed via cycles of “lumping” and “‘splitting”’
diagnostic categories [145], a process akin to our attempts to ascertain the
relative importance of “‘nature’” versus “nurture” in the onset and course of
anxiety disorders. These attempts have been largely limited, not by the
importance of the questions, but by the inadequacies of our research tools.
Probably for the first time in the history of anxiety disorder research, we
stand on the threshold of being able to seriously investigate integrative
neurobiological systems and mind-body-brain functions.

What has made this possible is the human genome project. With the final
completion of the human and mouse genome, we will have unprecedented
opportunities to investigate genetic, environmental and gene—environmental
interactions in humans and animal models of anxiety. The adequate per-
formance of alarm, fear, anxiety and stress functions, themselves mediated
by overlapping but different neuroanatomic and neurobiological systems
[70], is equally critical for both animal and human “’survival’” as the per-
formance of cardiac or pulmonary systems. With traditional research tools,
advances in knowledge about how cardiovascular or pulmonary systems as
opposed to the brain impacted living processes were more easily achieved.
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However, new tools (e.g. microarrays and gene chips) open the door for the
study of genes and gene—environment interactions in the regulation of
brain-mediated anxiety—fear—stress—alarm responses. DNA array technol-
ogy permits the study of parallel and possibly sequential expression of
thousands of genes [21, 22]. As a result of this technology and gene chips,
hundreds of new candidate genes for the anxiety or related stress-respon-
sive disorders will be identified. It is theoretically possible that even the role
of single-nucleotide polymorphisms on subtle subsets of emotions (e.g.
alarm and fear), cognitions, reflexes (e.g. acoustic startle) and behaviours
(inhibition, avoidance), which together form the multi-faceted basis of anx-
iety syndromes, will be amenable to investigation. After the identification of
candidate genes, other novel techniques (e.g. virally mediated gene transfer)
could be used in animal models to examine the short-term and long-term
impact of up-regulation versus down-regulation of candidate genes in
brain-specific regions at different stages of development (e.g. prepubertal
versus pubertal) and stressful conditions.

While these approaches appear extraordinarily promising, they are still
limited by the inability to obtain brain tissue in living humans. Furthermore,
the study of gene and gene—environmental interactions in anxiety disorders
remains several steps removed from identifying the relevant proteins asso-
ciated with specific anxiety disorders or related traits (e.g. shyness, behav-
ioural inhibition). Thus, even identifying a role for multiple genes or
polymorphisms does not tell us how proteins mediate abnormalities in the
anxiety—-alarm—-arousal-fear systems. Future research will focus on how
genetic and genetic-environmental factors influence the production and
interactions among ‘‘downstream’ proteins in anatomic-specific brain
regions (e.g. central nucleus of the amygdala versus bed nucleus of the
stria terminalis [70]. It is likely that alterations in protein “activity”’, local-
ization and/or structure will be relevant to the functions of alarm, anxiety
and fear. Thousands of relevant proteins, beyond currently identified recep-
tors, will become targets for drug discovery.

Future clinical research in humans and animals will combine new re-
search methodologies (e.g. microarray gene chips and brain imaging tech-
nologies) with older tools—non-drug (e.g. sleep deprivation, phobic
exposure) and chemical or neuroendocrine challenge (e.g. caffeine or
CRH) techniques—to identify multi-locus genetic, functional proteomic
and environmental factors critical in the regulation of anxiety—fear—alarm-
arousal systems. Current diagnostic nomenclature, which is largely focused
on phenomenology and longitudinal course, will ultimately be replaced by
a classification scheme that reflects a more sophisticated understanding of
the genetic and biopsychosocial causations of disturbances in anxiety—fear—
alarm-arousal systems. As our knowledge about genetic-proteomic and
biopsychosocial factors in anxiety—fear-alarm-arousal regulation increases,
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new treatments, both drug and non-drug, will shift from focusing on treat-
ment toward focusing on prevention.
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INTRODUCTION

In 1907, Alois Alzheimer described in the brain of a middle-aged woman the
plaques and tangles that have provided the focus for all subsequent re-
search on the dementias. These lesions, visualized by silver staining, also
occur in the brains of old people with dementia, and this realization, known
before Alzheimer but rediscovered in the modern age in the 1960s [1], was
one of the most important steps forward in care of the elderly, as it turned
senility from an unfortunate but seemingly inevitable, and hence ignored,
consequence of ageing, into a disease process. From this followed medical
and other services, the establishment of the lay societies and subsequent
increasing recognition by the general public, support for carers and the
ever-improving recognition and treatment of cognitive decline in late life.
Thus, the first and still the most dramatic consequence of biological research
in the dementias is to have put dementia on the public, political and medical
map. Other consequences arriving in recent years is the first specific treat-
ments, but the real goal of biological research is treatments that will be
preventative or curative—disease-modifying, in other words. It is a testa-
ment to the speed of processes in the molecular sciences that such treat-
ments are now on the horizon.

NEUROPATHOLOGY
Neuropathology of Alzheimer’s Disease

The two cardinal lesions of Alzheimer’s disease (AD) are plaques and
tangles. Plaques are extracellular structures consisting of a core of fibrillar
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protein in a B-pleated sheet structure surrounded by neuritic change, these
neurites containing highly phosphorylated tau protein. The core of the
plaque consists of amyloid (A), itself a peptide derived from the amyloid
precursor protein (APP). Using antibodies against this protein, a new class
of plaques was discovered—the diffuse plaque [2]. Diffuse plaques, which
are not visualized with silver staining, are probably a precursor of the
matured cored plaques. As all people with Down’s syndrome suffer from
AD pathology early in life, neuropathological examination of Down’s syn-
drome brain reveals the sequence of events in AD pathology. Such studies
confirmed that diffuse plaques evolve to cored, matured, neuritic plaques
[3]. These studies, and others in normal and AD brains, also suggested that
plaque formation preceded other forms of neuropathology [4-6]. However,
not all lesions are equal. It is possible, for example, that plaques are more
readily cleared from brain than other lesions such as neurofibrillary tangles,
and hence, in any one particular brain, lesion density may represent lesion
preservation as much as lesion occurrence. The same difficulty arises when
trying to determine which lesion accounts for the clinical appearance of
dementia. The majority of studies find a greater correlation of cognitive loss
with neurofibrillary tangle formation than with plaque number [7-11],
although some have suggested a correlation between amyloid load and
cognitive loss [12, 13]. The problem with these studies is that the assessment
of cognitive loss precedes (fairly obviously) the neuropathological examin-
ation, sometimes by some considerable period, and in between clinical and
pathological assessments the more soluble lesions may be preferentially
cleared from brain.

The second characteristic lesion of AD is the neurofibrillary tangles. These
are intraneuronal inclusions that occur first in the transentorhinal cortex,
spread to the hippocampus and from there spread further to cortical struc-
tures, but never to cerebellum. The typical and apparently consistent pattern
of spread of neurofibrillary tangles suggests an intimate relationship with
the disease pathogenesis, in contrast to the distribution of amyloid plaques,
which appears more random and occurs in areas of the brain apparently
clinically unaffected, such as cerebellum [14]. Neurofibrillary tangles are
flame-shaped as they occur in pyramidal neurons, where they fill cytoplasm
and eventually lead to the demise of the neuron, leaving a ““ghost’” or
“tombstone” tangle. Tangles are composed of the microtubule-associated
protein tau, which is aggregated into highly insoluble and highly phosphor-
ylated polymers [15]. Unlike the case with plaques, there is a direct correl-
ation between tangles and cognitive loss, although, as noted above, this may
be biased because of their insolubility [15]. Careful study of large numbers
of brains reveals the probable evolution of the tangle; the initial signs of
pathology are the accumulation of highly phosphorylated tau in cytoplasm
before actual tangle formation, which in turn is followed by the spread of



BIOLOGICAL RESEARCH ON DEMENTIAS 289

the pathology [16]. This progression has been described in six stages (the
Braak staging); the first few stages are clinically silent and precede dementia
by many years [17].

Other lesions also occur in the AD brain, including granulovacuolar
degeneration and Hirano bodies. The molecular origin of these is largely
unknown. Amyloid deposition and tau aggregation also both occur at sites
other than the plaque and tangle. Thus, amyloid is deposited in vessel walls
as congophilic angiopathy, and tau aggregation occurs in the neurites of
mature plaques and in wispy neuropil threads that are probably remnants
of degenerating axons.

The Lewy Body—Linking Subcortical and Cortical
Neurodegeneration

The Lewy body was discovered first in the early 1900s and then again in the
1970s [18]. Lewy was a colleague of Alzheimer and described round inclu-
sion bodies in the substantia nigra in Parkinson’s disease (PD). With hae-
matoxylin and eosin staining, these pink inclusions are readily visible in the
pigmented nigral neurons, but they were unrecognizable in cortex, where
they also occur, until the use of ubiquitin antibodies. Ubiquitin is a protein
that targets other proteins for degradation by the proteosome; many inclu-
sion bodies are ubiquitinated, Lewy bodies being no exception. With the
“discovery” of Lewy bodies in the cortex, the clinical history of these
patients revealed a “new”” disease—"‘dementia with Lewy bodies” (DLB),
characterized by fluctuating confusion, parkinsonism and visual hallucin-
ations [19]. In truth, there is a large overlap with other disorders, in particu-
lar AD, as patients with autosomal dominant (and hence not nosologically
confused) AD also have Lewy bodies [20-22] and the vast majority of DLB
patients also have AD changes [23]. Nonetheless, DLB does have clinical
and neurochemical differences to AD [24], and some patients with DLB
have no AD changes [25, 26], demonstrating that the Lewy body is a suffi-
cient condition for dementia.

Synucleinopathy, Taupathy and Amyloidopathy: A New
Classification Of Neurodegeneration

The core of the Lewy body is a fibrillar protein now known to be synuclein
[27]. This protein is also deposited in the glial inclusions of multi-system
atrophy [28], and a new classification of the neurodegenerative disorders
has been suggested, with multiple system atrophy (MSA), DLB and PD
as the synucleinopathies [29]. Other disorders, such as progressive supra-
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nuclear palsy (PSP) and the frontal lobe dementias, such as that associated
with parkinsonism and Pick’s disease itself, have inclusion bodies that
contain tau. These include the eponymous Pick body itself, but also other
neuronal inclusions that are similar to the tangle of AD and glial lesions [30].
These tau-positive pathologies have been grouped as the tauopathies. The
amyloidopathies include those disorders with extracellular B-pleated sheet,
congophilic amyloid deposits. Such disorders include the rare British famil-
ial dementia, where the amyloid is formed from a peptide derived from the
novel gene BRI (named after Britain), and the spongiform encephalopathies,
including Creutzfeld-Jacob disease, where the prion protein forms an amyl-
oid plaque. AD has some characteristics of all three neurodegenerative
disorders: it could be classified as an amyloidopathy or a tauopathy or, as
Lewy bodies also occur in some cases of AD, as a synucleinopathy as well.

The insight highlighted by this new classification is that there are path-
ologies held in common between apparently very different dementias—PD
and DLB, frontotemporal dementia with Parkinson’s disease (FTDP) and
PSP, for example. The different phenotype results in some instances from
different neuroanatomical location of the lesions (PD and DLB being the
obvious example, with the cortical pathology of DLB associated with ““cor-
tical” symptoms such as hallucinations and dementia and the subcortical
pathology of PD associated with subcortical motor clinical signs). The
challenge for the future is twofold: firstly, to determine whether there are
common pathogeneses or whether these lesions are simply the final
common product of diverse pathological pathways and, secondly, and
more speculatively, to determine whether there might be common thera-
peutic approaches. ““One drug, many disorders” is the possibility exciting
many in the field, not least the pharmaceutical industry.

NEUROCHEMISTRY
The Cholinergic Hypothesis

The drugs currently available for treating the core symptoms of AD—the
acetyl cholinesterase inhibitors—were developed as a direct consequence of
work in the 1960s and 1970s that led to the cholinergic hypothesis of AD
[31]. There are two broad lines of evidence underpinning this hypothesis.
Firstly, lesions in the cholinergic system in animals, induced by chemical or
surgical means, and chemical inhibition of cholinergic neurotransmission in
man, result in cognitive deficits, and, secondly, post-mortem studies in AD
suggest a predominant cholinergic neuron loss [32-34].

Post-mortem studies in AD found neuronal loss to be particularly pro-
nounced in the cholinergic nucleus basalis of Meynert [35], this cell loss
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being accompanied by, and therefore likely to be caused by, neurofibrillary
tangle formation [36, 37]. Markers of cholinergic activity, including acetyl-
cholinesterase [38, 39] and choline acetyltransferase [40], were shown to be
reduced in AD brain. However, the cholinergic receptors were not so clearly
disrupted. In AD brain, extensive loss of cholinergic fibres is not accompan-
ied by loss of muscarinic receptor binding activity [41], although differential
loss of M, muscarinic receptors may occur [42]. Indeed, one in situ hybrid-
ization study suggested that muscarinic receptor gene message was up-
regulated in AD, possibly in response to loss of cholinergic activity [43].
This finding is important: it suggested that correction of the cholinergic loss
was a useful aim as the remaining neurons are likely to be responsive.

The hypothesis has stood the test of time, in that it has resulted in the
development of efficacious compounds [44]. Moreover, it has recently re-
ceived some adaptation and extension, with suggestions that the cholinergic
deficit may not just be a consequence but may also be involved in the
molecular pathogenesis and spread of AD [44], and with the additional
suggestion that the cholinergic deficit might underlie some of the behav-
ioural and psychological symptoms of dementia (BPSD) [45]. Furthermore,
some evidence in favour of the cholinergic hypothesis comes from studies
comparing neurotransmitter loss in different dementias, suggesting there-
fore a certain specificity to the hypothesis. In frontal lobe dementia, for
example, there is loss of serotonin receptors and a-amino-3-hydroxy-4-
isoxazole propionic acid (AMPA) receptors from both temporal and frontal
lobes [46]. On the other hand, the cholinergic loss in DLB is even greater
than that in AD [47, 48].

Other Neurotransmitter Loss

The cholinergic hypothesis, as it was first developed, is clearly too simplis-
tic. In fact, many neurotransmitter lesions in animals result in cognitive
deficits, and the complexity of the relationship between neurochemistry
and cognition is considerable and increasingly revealed by more sophisti-
cated experimentation. Secondly, the neurotransmitter loss in AD is not
confined to cholinergic neurons but also involves noradrenergic, serotoner-
gic and other neurons. A review of over 250 post-mortem studies sug-
gested the order of loss of neurochemical function to be first cholinergic
system, then serotonergic system, followed by excitatory amino acids and
the GABAergic system, with little change in dopaminergic fibres [49].
Finally, these studies all suffer from the intrinsic problems of post-mortem
investigations— changes due to post-mortem delay and the inability to
examine any state other than the final end-point of disease. As markers of
cholinergic activity for use in functional imaging are developed (see, for
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example, [50]), it will be interesting to examine the sequential and early
functional neurochemical changes as they occur.

Neurochemistry and the Clinical Features of AD

There is some evidence that loss of different neurotransmitter systems
contributes to the diverse phenotype of AD. Loss of noradrenergic neurons
in the locus coeruleus and decreased markers of noradrenergic activity have
been found to be more pronounced in those with depression and dementia
than in non-depressed AD patients at post mortem [39, 51, 52]. However,
these are difficult studies for a number of reasons, and not all find the same
result [53]. The findings in respect of serotonergic loss are even less consist-
ent. For example, depressed AD patients may show decreased neuronal
counts in dorsal raphe nucleus [54] and decreased markers of serotonergic
activity [52, 54], but other studies fail to replicate these findings [55, 56].
Decreased serotonergic activity measures have also been reported in psych-
osis in AD [57].

The cholinergic system itself might be responsible for more than cognitive
loss in AD. This was first suggested by the evidence that the cholinergic
system is particularly depleted in DLB (a disorder characterized by psych-
otic features and fluctuating confusion in addition to parkinsonism) and by
the observation that, in man, antimuscarinic drugs alter consciousness and
induce hallucinations [58]. It follows that the cholinergic system might be
responsible for some of the BPSD in AD and related dementias [45]. This has
been subsequently supported by evidence suggesting that muscarinic agon-
ists might be antipsychotic in animal models [59] and that acetylcholinester-
ase inhibitors might reduce BPSD in AD [60].

GENETICS
Autosomal Dominant Neurodegeneration

If it was neurochemistry that led to the development of symptomatic treat-
ments for AD, and it is epidemiology that seeks preventative strategies, then
it is molecular biology and genetics that will lead to the development of
disease-modifying treatments. No less than a cure is the goal, and it is an
extraordinary testament to the power of molecular medicine that such a
vision seems only optimistic and not ridiculous. The first real signs of
progress came with the biochemical characterization of the amyloid peptide,
and its parent protein, the APP, which forms the core of the neuritic plaque
[61]. However, it was the finding that the gene coding for APP on chromo-
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some 21 was mutated in some families with autosomal dominant AD that
really proved the fundamental role of this protein in the aetiopathogenesis
of AD. A similar train of events was repeated a decade later, when the gene
coding for the protein that forms the other lesion of AD, neurofibrillary
tangles, was also found to be mutated in some forms of autosomal dominant
dementia. In both instances it was biochemistry that identified the protein
and genetics that proved the aetiology.

Mutations in APP are a rare cause of autosomal dominant early-onset AD
and are also responsible for another rare disorder—hereditary cerebral
haemorrhage with amyloidosis, Dutch type. As the gene is carried on
chromosome 21, trisomy APP is also probably the reason why people with
Down’s syndrome suffer from AD at an early age. The mutations cluster at
three main positions: on both the amino and carboxy termini of the amyloid
peptide, and also in the middle of the peptide itself [62-64]. The position of
these mutations strongly suggests that the mutations alter the processing of
the resulting protein, and studies in cells and animals (discussed below)
have confirmed this. The processing of APP is also altered by the presenilin
proteins, the genes for which (PS-1 and PS-2) are also associated with early-
onset familial AD [65]. PS-1 mutations are the most frequent cause of the
still rare autosomal dominant AD, whereas mutations in PS-2 are found
most frequently in the Volga German people, a genetically relatively isol-
ated group now living in the USA [66].

The second main class of dementias to be associated with a single gene are
the frontal lobe dementias. At a consensus conference, a series of families
with a similar phenotype were grouped together as having the frontotem-
poral degeneration with Parkinson’s disease linked to chromosome 17
(FTDP-17) [67]. As the tau gene is on chromosome 17, and as these dis-
orders, like AD, have tau-positive inclusions, this gene was a prime candi-
date and it was no surprise when mutations were found in a family with the
condition [68]. Subsequently, mutations in the same gene have also been
associated with Pick’s disease [69, 70] and with progressive subcortical
gliosis [71], and polymorphic variation in the gene with PSP [72, 73]. Muta-
tions in the tau gene are of two main types: missense mutations in the
coding region and intronic mutations that disrupt splicing of the gene,
leading to altered expression of the resulting protein, disrupting the normal
balance between the different isoforms of the protein [74].

There are now numerous different neurodegenerative disorders identi-
fied that have rare autosomal dominant variants, including the triplet repeat
disorders such as Huntington’s disease (HD), other amyloid conditions such
as British familial dementia, and the spongiform encephalopathies like
Creutzfeldt-Jacob disease caused by mutations in the prion gene. The de-
scription of the single-gene dementias is very nearly complete. There are
some families with autosomal dominant inheritance with unidentified
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mutations, possibly in as yet unknown genes, but these are now very few
indeed. The understanding of the role of amyloid and tau that has followed,
and the clinical consequences that flow from these discoveries, are dis-
cussed below.

Genotype-Phenotype Correlation

In some autosomal dominant neurodegenerative disorders, different muta-
tions give rise to the same clinical and neuropathological phenotype (PS-1
and APP mutations causing AD, for example). In others, mutations in the
same gene give rise to completely different phenotypes—disorders that
were previously considered entirely different (tau mutations causing fron-
totemporal dementia and progressive subcortical gliosis, for example). The
relationship between genotype and phenotype is not necessarily straightfor-
ward even in the single-gene disorders. The 144-bp insertion in the prion
protein gene, for example, has given rise to multiple phenotypes even in
a single family, including AD, HD, PD, myoclonic epilepsy, atypical demen-
tia, Pick’s disease, Creutzfeldt-Jakob disease and Gerstmann-Straussler
syndrome [75]. This implies that some other event, either environmental,
developmental or genetic, must be influencing the phenotypic expression
of the gene mutation. A similar phenomenon is seen in HD, where early
psychotic features appear to segregate in some families [76, 77] and a
family-based study demonstrates that this is not due to the HD gene
itself, but to some other, presumably genetic, factor [32]. A similar family-
based study in AD also demonstrated some sharing of phenotype in
siblings not due to any known genetic factor [78], and the age at onset
tends to be similar within families, suggesting a genotypic—phenotypic
correlation.

These findings from diverse neurodegenerative disorders demonstrate
that not only are there genes causing autosomal disorders, but there are
also other genetic factors that influence the phenotypic expression of these
single genes. An intriguing possibility follows from these observations: it is
possible that the genetic factors that interact with the major disease-causing
genes, and indeed the genes that influence complex multi-factorial disease
like late-onset AD, could be the same genes that underlie the genetics of
other neuropsychiatric diseases. Thus, the HD and AD studies cited above
suggest a genetic factor that lowers the vulnerability to psychotic experi-
ences, such that those individuals within a family that carry the HD or AD
genes become psychotic. These psychosis-vulnerability genes might be the
same as those that influence schizophrenia. The same may be true for
whatever gene it is that causes depression to be shared in families with
AD [78-80].
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Clinical Genetics of Late-Onset AD

The genetic contribution to late-life disorders is intrinsically difficult to
estimate due to attrition by other causes. Typically, 10-30% of subjects
with AD have a positive family history, but this figure is entirely dependent
upon the age of the relatives—the older the relatives, the more likely they
are to have AD, the strongest risk factor for which is age itself [81]. A series
of clinical genetic studies attempted to overcome this problem by determin-
ing the incidence of AD in relatives by age. These studies all found a
cumulative incidence of around 50% or more [82], considerably greater
than that expected from incidence and prevalence figures in the general
population. It has been pointed out that this, and the concordance rates
in twins, is compatible with a small number of genes of large effect (ap-
proaching autosomal dominance) or a large number of genes of small effect
[83, 84].

There have been two general approaches to discovering the genes that are
responsible for this risk: by association and by linkage. In general terms, the
former has greater power and studies are relatively easier to conduct.
However, the problem with association studies is one of lack of reproduci-
bility. Whether because of sample population stratification or because of
intrinsic statistical artefact, the single biggest outcome of the association
studies has been a series of false positive findings. At the time of writing,
there are more than 30 genes positively associated with AD in well-con-
ducted studies that have not been reproduced in other, equally well-
conducted studies. The possible statistical reason for such a disappointing
outcome is that, although some studies control for multiple testing within a
study, none control for multiple testing between studies, and given the
hundreds of candidate genes analysed it is not surprising that false positives
are so frequently encountered.

Genes Associated with Late-Onset AD

There remains only one gene unequivocally associated with late-onset AD:
apolipoprotein E (APOE). A single gene codes for the three commonly
encountered protein isoforms that can be distinguished by electrophoretic
isofocusing—apolipoprotein E2, E3 and E4. These three isoforms result from
a cysteine/arginine change at two positions in the APOE gene (112 and 158),
giving rise to the three common alleles (APOEe2,e3 and e4). The APOE
protein is part of the normal regulation of lipid transport and metabolism,
and the polymorphic variation in the APOE gene is associated with vari-
ation in serum cholesterol levels (lower in APOEg2 [85]) and with risk of
cardiac disease (higher in APOEe4 [86]). Previously, late-onset AD had been
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linked to chromosome 19, near the locus of the myotonic dystrophy gene
and the APOE-APOCII complex [87], and the Duke group, then leaders in
the genetics of myotonic dystrophy, demonstrated association with the
APOE gene [88, 89]. In marked contrast to all the other genes putatively
associated with AD before and since, this finding was very rapidly repli-
cated in small European, American and Japanese populations [90-97] and
then with large epidemiologically based samples from diverse ethnic
groups.

There is absolutely no doubt whatsoever that APOE modifies risk of AD,
with APOE4 increasing and APOE2 decreasing risk. Less clear is by how
much risk is altered, although the consensus appears to be two- to four-fold
for the APOE4/* heterozygotic condition and up to 10-fold for the rare
APOE4/4 homozygotes. In addition, although there appears to be no popu-
lation that is free from APOE-influenced risk, the effect size does differ
between populations and may be lower in some black and Hispanic popu-
lations [98-101]. Although some of these studies were performed in the
genetically heterogeneous African-American population, the effect of
APOE on African peoples is not yet known. Furthermore, there is very
considerable genetic heterogeneity even within African countries (the dis-
tinct ethnic and cultural groups within Nigeria for example). This is import-
ant, as some African populations (for example the Khoi-San people of
Northern Africa) have amongst the highest APOE4 frequency in the
world; if their risk is as high as that of white people who have been
examined, then as the health care of the countries in which they live
improves, they will suffer disproportionately more AD than the currently
industrialized nations (and, alongside this, less ability to pay for it). It is
possible that the variation in incidence in AD across the world is itself
partially due to variation between populations in APOE4 frequency.

The biology of APOE and its relationship to AD is discussed below, but a
number of studies have tried to examine how APOE works through pheno-
type-genotype correlations. Most studies find no correlation between speed
of decline and APOE genotype [102-106], although a higher rate of decline
in those with [107, 108], and without [109] an &4 allele has also been found in
some studies. If APOE does influence the rate of progression, it must be a
small effect, and this is also true for any effect on the non-cognitive phe-
nomenology of AD [110, 111]. Correlation is found with the neuropathol-
ogy, in particular with plaque formation, suggesting a relationship with
amyloid processing [112-114]. In line with this, APOE does not appear to
be a risk factor for FTD—a disorder with tangles but not plaques [115, 116].
The clearest association, however, is with age of onset. Within the late-life
age range, APOE4 tends to bring forward and APOE2 delays the age of
onset, leading to the suggestion that APOE influences “when, not if” an
individual suffers from AD [117].
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No other genes are unequivocally associated with AD. However, of the
other candidate genes for association with AD, three deserve mention. ay—
macroglobulin (a2M) was an excellent candidate, not least because it is a
ligand for the APOE receptors and hence might be in competition with
APOE [118]. Early studies found an association, others replicated the asso-
ciation, but still others failed to repeat the finding; the conclusion of all this
remains uncertain, but it is unlikely that «2M has a significant role to play in
the genetic aetiology of AD. Polymorphic variations separate to the main
genetic finding in all the unequivocal “AD genes”, including APP, the
presenilins, tau and APOE, are good candidates, and variation in all of
these genes has been linked in some but not all studies with late-onset
AD. Of this group, perhaps an intronic polymorphism in the PS-1 gene is
the best studied [119], but given the disparate findings it is by no means
certain that this is a risk factor for AD. Finally, variation in the gene encod-
ing angiotensin-converting enzyme (ACE) may be associated with hyper-
tension (although this too is disputed) and, as cardiac risk factors are
associated with AD, then ACE might be a risk gene for AD. Three indep-
endent populations all provided association with AD [120], a finding
repeated in some but not all studies [121-124]. A meta-analysis supports
the association, leaving this gene the most likely ““second” gene of risk in
AD [123].

Chromosomes Linked to Late-Onset AD

The pattern of the candidate gene studies is clear and disappointing: a
biologically good candidate is associated with AD in a study, repeated in
another, not repeated in yet another, and a meta-analysis is equivocal,
weakly positive and often disputed. A more robust but very considerably
more taxing approach is to examine for regions associated with AD by
linkage. Given that parents of people with late-onset AD are not available
for study, linkage studies are limited to sibling pairs, of which a number
have been reported. These studies have been made possible by the avail-
ability of dense marker coverage across the genome and will be con-
siderably enhanced by the production of single nucleotide polymorphism
(SNP) maps that will shortly result from the human genome mapping
project.

The sibling pair genome scans thus far reported have found a number of
regions linked to AD. These include the APOE locus on chromosome 19, a
locus on chromosome 21 that might or might not be APP and a locus on
chromosome 12 that might or might not be «2M or another APOE receptor
(LRP) [125-127]. However, the most interesting region is one on chromo-
some 10qg. Not only has this been linked to AD in a two-stage sibling pair
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genome scan and a replication study, but it has also been linked to variation
in serum amyloid levels in families [128-130]. This very strongly suggests a
gene on the region that increases risk of AD by altering APP metabolism.
One candidate close to the region is insulin-degrading enzyme (IDE). This
intriguing gene is already a candidate as it has been demonstrated that the
IDE protein not only degrades insulin but also amyloid [131]. It remains to
be seen whether in fact this is another false lead in the difficult genetics of
late-onset AD.

Clinical Implications of Molecular Genetics of AD

From a clinical perspective, the early-onset familial dementias and the
late-onset dementias (whether familial or not) are entirely different dis-
orders. For early-onset familial autosomal dominant AD, the genetic ad-
vances have enabled predictive and diagnostic testing. Diagnostic testing
means that, among individuals with clinical dementia and with an auto-
somal dominant pedigree, the majority can receive a definitive differential
diagnosis. Molecular genetic testing will distinguish between frontal lobe
dementias, familial spongiform encephalopathies and familial AD, all of
which can be clinically difficult to distinguish. However, it should be
noted that even diagnostic testing is not without problems [132, 133]. Find-
ing a mutation known to cause disease cannot be used to aid early diagno-
sis, as even people harbouring the mutation can have other disorders, such
as depression, that can mimic the early stages of dementia. A similar
situation occurs in HD, where a positive test does not help to determine
whether mild symptoms are due to anxiety or the start of the HD itself. Only
a clinical examination can do this. Also there are, if not ethical, then difficult
personal issues that flow from performing a molecular diagnostic test.
Although the diagnosis of familial AD may have been made and explained
to the family, and although finding a mutation in the affected person
does not alter the risk suffered by the family (which remains 50% for first-
degree relatives), there is something so final and firm about a “gene test”
that experience suggests it raises considerable anxieties in families. It
also raises new issues as predictive testing becomes a possibility for rela-
tives.

Predictive testing involves testing a currently unaffected person to deter-
mine his or her risk of suffering the condition. This has been most worked
through for HD, where predictive testing has been performed since the gene
was discovered, where a protocol is widely observed internationally and
where the problems are recognized and have been addressed. These prob-
lems include the certainty that the gene being tested for is the correct one—a
problem even more acute for the dementias than for HD. As there are many
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gene mutations which give rise to similar disorders (phenocopies), it
is absolutely mandatory to first determine which mutation occurs in a
particular family by testing an affected person first. Other issues encoun-
tered in the course of predictive testing include the risk of depression
and other adverse events in those tested, the difficult ethical problem of
those at 25% risk (grandparent affected, parent not tested and below the
age of onset), issues regarding competency and testing of minors and
the problem of non-penetrance. This latter problem is particularly acute
in AD, where some of the genes are demonstrably not fully penetrant,
making the advice given on the basis of a genetic test necessarily cautious.
Because of these diverse and difficult issues, all people contemplating
genetic testing should be extensively counselled following the HD protocols
[134-136] beforehand, and this counselling and the actual laboratory analy-
sis should preferably be performed within the context of medical genetic
services and not research groups (although of course often the two are
synonymous).

The situation for late-onset AD is even more problematical. For APOE
variation, possession of the &4 allele is not necessary to develop AD, and,
equally, not having the &4 allele offers only relative protection. This means
that possession of an €4 allele only modestly alters risk and this risk is itself
age-dependent. A series of consensus groups are unanimous in their view
that there is no role for predictive testing or even risk-counselling using
the APOE genotype [137-139]. There may be a role, however, for APOE
genotyping as part of the diagnostic work-up. A large post-mortem
study demonstrated an increase in specificity of diagnosis (at the ex-
pense of sensitivity) by adding APOE genotype to clinical diagnosis [140].
However, this study had a lower accuracy of clinical diagnosis compared to
other post-mortem studies and relatively few non-AD dementias. As in
some studies APOE variation is associated with both DLB and vascular
dementia, then it seems unlikely that genotyping will have a major role in
diagnosis. In the UK, a consensus group finds no clinical role for APOE
genotyping [138], and in the USA, community based studies do not find
evidence in favour of diagnostic testing [141]. Finally, a role for APOE in
pharmacogenetics has been widely flagged as a possible development.
Pharmacogenetics has been heralded as a means of delivering therapies to
those genetically determined to be responsive—targeting effectivity. In an
early study, those carrying the APOEe4 allele were found to be less respon-
sive to an acetylcholinesterase inhibitor, but subsequent studies have
failed to replicate this [142-144]. There is little, therefore, to suggest that
APOE genotyping will help to identify responders from non-responders
in dementia therapy, but nevertheless considerable hope remains that
this will become possible, if not using APOE, then using some other
gene.
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MOLECULAR BIOLOGY
The Amyloid Cascade Hypothesis

The discovery of mutations in the APP paved the way for the development
of the amyloid cascade hypothesis, the most enduring central hypothesis of
AD pathogenesis, which has been, somewhat ironically, strengthened by
the discovery that mutations in tau can be a cause of related dementias.
Restated many times in somewhat differing forms, the amyloid cascade
hypothesis postulates a central and early role for amyloid in the pathogen-
esis of AD, with all other neuropathological features following from amyl-
oid formation [145]. Originally the formation of amyloid and the generation
of plaques were taken to be synonymous, but more recently one variation in
the hypothesis accommodates the possibility that it might be intracellular
amyloid that is the aetiopathogenetic element, and not the extracellular
plaque, which may in fact be a true epiphenomenon [146]. The tau muta-
tions add to the hypothesis as they finally put to rest the debate about which
came first, plaque or tangle. In AD, mutations in APP or PS-1/2 give rise to
plaques and tangles, but in FTDP-17 mutations in tau give rise to tangles
only. If one cause gives rise to two consequences but another gives rise to
only one, then it is assumed that this latter cause and consequence are
secondary to the former. This is classically how biochemical pathways
were elucidated—if inhibiting one enzyme prevents the formation of two
substances, but inhibiting a second enzyme gives rise to only one of these
substances, it is assumed that the second enzyme is indeed ““downstream”’
of the first. As an APP mutation gives plaques and tangles but a tau
mutation give tangles only, it follows that plaques are biochemically “up-
stream”” of tangles. The caveat is that this applies to these autosomal dom-
inant conditions. It remains possible—indeed some evidence suggests
likely—that in late-onset AD an entirely different initiating event gives
rise to both plaques and tangles. Nonetheless, the autosomal dominant
dementias fully substantiate the amyloid cascade and back up the original
neuropathological evidence, particularly from Down’s syndrome, finding
formation of plaques in younger brain and plaques and tangles in older
brain.

Metabolism of APP

The amyloid peptide (AB) deposited in plaques in AD is a 39- to 42-amino-
acid derivative of APP that has a tendency to self-aggregate into fibrils [147].
The longer forms of the peptide AB42 are less common but more fibrillo-
genic than the less common AB40 peptide. However, both peptides are
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normally produced in brain and peripherally, and it is likely therefore that
AD results from the relative production of total AB or the relative propor-
tion of AB42 to AB40 rather than the specific abnormal production of AB42
[148]. APP itself is a ubiquitous type 1 integral membrane protein with a
large extracellular domain and a shorter intracellular carboxy terminus, the
function of which is not known, although its very ubiquity and evolutionary
conservation suggest a fundamental ““housekeeping’ role and its intracellu-
lar location and topology suggest a role in cell-cell communication or
tethering.

The mutations in APP associated with disease almost perfectly mirror the
known cleavage sites in the protein. Three secretases were suggested by
analysis of the metabolic products of APP: a-, B- and +y-secretase. The
mutations are close to each of these sites, strongly suggesting that they
might alter the metabolism of the protein. This has now been repeatedly
proven in fibroblasts from patients, in transfected cells and in animal
models [149, 150]. The Swedish mutation (a double mutation at position
670/671) at the amino end of the AB moiety, near the B-secretase site,
increases total AP levels [151], while the London mutation at the carboxy
terminus, near the y-secretase site, alters the ratio of AB42/AB40 [152, 153].
It is the y-secretase site that is variable, allowing the generation of AB40 or
AB42. Interestingly, the Flemish mutation at position 692 produces an AD-
like phenotype and generates increased total AB, whereas the Dutch muta-
tion at 693 is associated with an entirely different disease (hereditary cere-
bral haemorrhage with amyloidosis, Dutch type) and does not alter AB42
or total AR levels, but might increase the fibrillogenicity of the peptide
[154, 155].

The AP itself is generated by sequential activity of B-secretase and
v-secretase. Metabolism by a-secretase, on the other hand, cleaves in the
centre of the amyloid moiety and hence cannot generate AB. These two
routes have been dubbed amyloidogenic and non-amyloidogenic metabol-
ism, and it follows that inhibition of the former or promotion of the latter
might be therapeutic. Some evidence in transfected non-neuronal cell lines
suggests a direct relationship between the two metabolic routes—promotion
of a-secretase activity reducing the generation of amyloid [156]. How-
ever, other experiments in neurons did not find a direct and reciprocal
relationship [157]. Whilst any individual molecule of APP must go down
one route or the other, it is almost certainly the case that the majority of APP
molecules go down neither but are degraded, as are most proteins, by the
proteosome.

Progress has been made in identifying all three secretases. 3-secretase has
been identified and named BACE (for B-site APP cleaving enzyme) [158].
This enzyme is present at high levels in brain, in neurons more than in glia,
and is a membrane-bound aspartyl protease, the locus for which is 11q23.3.
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The protein is present in both golgi complexes and endosomes, both puta-
tive metabolic locations of APP, and overexpression and inhibition studies
both demonstrate activity at the B-secretase site. A homologue of BACE
(BACE2) has been identified, and this enzyme also cleaves APP, but at a
different site, and is not present at high levels in brain, arguing against a role
in AD [159, 160].

The vy-secretase enzyme is likely either to be presenilin or very closely
associated biochemically with presenilin. The two PS genes (PS-1 and PS-2)
are both associated with early-onset autosomal dominant AD, and the pro-
teins derived from these genes are highly homologous eight-pass trans-
membrane proteins [65]. These are normally cleaved within the large
extracellular loop, and the functional protein probably results from hetero-
dimeric association of the two cleaved products. Following the discovery of
these genes, transgenic knock-out mice lacking PS-1 were generated. This is
lethal to the developing foetus, which displays very severe skeletal and
neurodevelopmental abnormalities [161], highly reminiscent of those that
also result in mice lacking the Notch gene [162]. Like APP, Notch codes for a
single-pass membrane-bound protein which has a metabolic cleavage site
buried within the membrane (similar to the y-secretase site). This suggested
that PS-1 might be regulating y-secretase cleavage of APP and of notch, and
in cell models PS-1 was indeed shown to regulate notch cleavage [163].
Studies on neurons from the embryonically lethal PS-1 knock-out mice
showed highly diminished y-secretase cleavage of APP, despite preserved
B-secretase activity [164], and similar experiments on neurons from double
knock-out mice lacking PS-1 and PS-2 demonstrated complete absence of y-
secretase activity [165]. PS-1 is associated closely with a protein nicastrin
(named after Nicastra, the home of a family suffering from one of the
earliest reported autosomal dominant ADs) and either PS-1 alone or PS-1/
nicastrin complexes possess y-secretase activity [166].

The a-secretase has not been identified, but because of its known proper-
ties has been placed in a family of enzymes that includes, for example, ACE
secretase [167]. These enzymes (including a-secretase) all respond to protein
kinase C (PKC), and basal levels of activity are increased following acti-
vation of PKC [168]. As PKC is a second messenger to many neurotransmit-
ters, the effect of neurotransmission on APP metabolism has been examined.
The muscarinic cholinergic receptors M; and M3 are both coupled to PKC,
and muscarinic agonists increase the generation of a-secretase-cleaved
products (known as sAPPa for secreted, a-secretase-cleaved APP) in cells,
including neurons [168, 169]. It follows that muscarinic agonists or any
compound that increases muscarinic activity (including the acetylcholines-
terase inhibitors) should increase sAPPa. In line with this, cholinesterase
inhibitors have been shown to increase this non-amyloidogenic metabolism
[170-172], and in man muscarinic agonists increase sAPPa in cerebrospinal
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fluid [173]. It remains to be seen whether this is accompanied by a reduction
in AB.

Tau and the Formation of Tangles

The second main pathology of AD is the neurofibrillary tangle. These flame-
shaped inclusions are composed of fibrils that under the electron micro-
scope are shown to be formed from paired helical filaments (PHF). These
structures, and other straight filaments, are found not only in tangles, but
also in the neurites surrounding plaques and in neuropil threads—wispy
structures probably representing decaying axons. The PHF are themselves
formed from abnormal aggregates of highly phosphorylated tau protein
[174, 175]. Tau is a microtubule-associated protein, normally found predom-
inantly in axons and which functions to stabilize the polymers of tubulin
that make up microtubules. In mitotic cells, microtubules function in intra-
cellular transport and also in guiding the chromosomes to their respective
daughter cells. In postmitotic neurons, this normal function is lost and
microtubules have a role in transport only. In axons they form relative
straight structures parallel with the axon itself and, together with neurofila-
ments, transport the protein machinery required at the synapse from the cell
body.

It is not surprising that such an important function should be tightly
regulated, and in mammalian neurons this regulation is achieved through
both phosphorylation and alternative splicing [176]. Highly phosphorylated
tau does not bind to or stabilize microtubules as well as non-phosphorylated
tau, and tau isoforms with three microtubule binding domains do not bind
microtubules as tightly as tau with four binding domains. Both of these
regulatory processes are altered in development and both show signs of
disruption in dementia. In the developing brain, it is probably necessary to
have relatively unstable and flexible microtubules as the axons find their
final destinations, and in line with this in foetuses the tau is highly phos-
phorylated and the three-repeat isoforms are predominantly expressed. In
adult brain, tau is also phosphorylated, but relatively less than in foetal
brain. The regulation of tau phosphorylation may be associated with some
of the plasticity characteristics of the mature neuron. In AD brain, the PHF-
tau that aggregates in tangles is very highly and stably phosphorylated
[176]. Some evidence suggests that, in normal brain, accumulation of highly
phosphorylated but non-aggregated tau precedes PHF formation and is one
of the earliest signs of the developing pathology in the entorhinal cortex and
hippocampus [16]. Other authors suggest that tau phosphorylation follows
rather than precedes aggregation, which may be precipitated by abnormal
proteolysis [177].
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The kinases responsible for the phosphorylation of tau have been actively
sought. In vitro many kinases, particularly those in the proline-directed
kinase family, phosphorylate tau, but two kinases in brain, named tau
protein kinase I and II (TPKI and TPKII), were responsible for the most
avid tau phosphorylation activity [178, 179]. In cells, one enzyme—glycogen
synthase kinase 3 (GSK-3)—had the most obvious tau-kinase activity [180,
181]. When TPKI was identified, it was realized that it and GSK-33 were one
and the same [182], and most of the evidence now points to GSK-3 as being
the predominant physiological kinase in neurons. The GSK-3 homologue in
Drosophila is named shaggy and lithium treatment of flies results in a pheno-
type similar to that of shaggy mutants [183]. As predicted from this observa-
tion, lithium turns out to be a relatively specific and potent GSK-3 inhibitor,
and studies in neurons and transfected cells have demonstrated that lithium
reduces tau phosphorylation and increases tau binding to microtubules
[184-186]. There has been some speculation as to whether the action of
lithium on GSK-3 is responsible for its therapeutic action in affective dis-
order, and it is noteworthy that effects of lithium on tau can be observed in
cell models within the therapeutic range [187]. However, whether the action
of GSK is responsible for lithium therapeutic or toxic action remains to be
seen. GSK-3 is also inhibited as a consequence of insulin signalling, and tau
phosphorylation in neurons is reduced by insulin [188]. This is of interest, as
diabetes and insulin resistance syndrome are both linked to AD [189], and
insulin also increases non-amyloidogenic metabolism [190]. These findings
suggest a common link between APP metabolism and tau phosphorylation
through a signalling cascade shown to be associated with AD, thus linking
molecular biology and epidemiology.

Whilst it was known for many years that tau was the basic component of
tangles, it was disputed whether this was an epiphenomenon or primary to
aetiopathogenesis. The debate was silenced by the finding of mutations in
tau in FTDP-17, then in other related disorders [69, 70, 191, 192]. The
mutations are of two main types—splice site and missense. The splice site
mutations alter the relative ratio of the isoforms of tau containing three and
four microtubule-binding domains [193]. The consequences of this are not
fully understood, but as one or other isoform can predominate in the
inclusions in different diseases, and as the ratio is tightly controlled in
development, it is assumed that the relative proportion expressed is critical
to normal tau function in microtubule binding. The missense mutations
have diverse effects and have been shown to alter tau aggregation, tau
phosphorylation, but most consistently tau function in binding microtu-
bules and promoting microtubule extension in vitro and in vivo [194].

One hypothesis that emerges from these findings is that any disruption of
the normal microtubule-tau association (increased phosphorylation, muta-
tion in the binding region, alteration in the isoform ratio) results in increased
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free cytoplasmic tau. In vitro tau can be made to self-aggregate into PHF,
and it follows therefore that any event that increases free cytoplasmic tau
might result in increased tau aggregation. Transgenic mice have been gen-
erated that overexpress mutated tau, and these show a neurodegeneration
phenotype similar to that of the FTDP-17 [195]. However, mice overexpres-
sing normal tau also develop inclusions and a neurodegeneration pheno-
type [196], rather suggesting that the critical factor is not the mutation per se
but the increased cytoplasmic unbound tau that can then self-aggregate.

APOE: Proven Association, Unknown Mechanism

There have been a number of different approaches to understanding the
mechanism underlying the association between APOE and AD, and none
can yet be fully accepted or rejected. These approaches can be categorized
into those suggesting a remote effect via altered rates of vascular disease,
those suggesting altered neuronal vulnerability and those postulating an
APOE interaction with plaques or with tangles. Some evidence suggested
that vascular disease might underlie the association, but a prospective study
found that the risk of AD given particular APOE genotypes was not altered
taking into account diverse signs of cardiac risk. Altered local cholesterol
transport in brain, resulting in altered neuronal vulnerability, is a strong
hypothesis, but difficult to address directly. Some evidence suggests that
altered cholesterol levels in the brain may directly give rise to plaque
formation.

Evidence linking APOE to plaques is moderately robust, in that trans-
genic mice expressing the APP gene carrying the mutation for AD develop
plaques early, but when crossed with APOE knock-out mice develop
plaques late [197]. In addition, the AB load is greater in individuals with
the APOEe4/" genotype [198]. Finally, in vitro APOE protein binds A [199]
but this evidence is not strong and may depend upon the preparation of
APOE protein used.

The first suggestion that an interaction between tau and APOE might
underlie the observed association came when it was shown that APOES3, in
contrast to APOE4, bound to tau in vitro avidly [200]. Subsequently it was
shown that another microtubule-associated protein, MAP2¢, also bound
APOE, again with a similar isoform-specific avidity [201]. These findings
led to the hypothesis that the strong binding of APOE3 to tau would reduce
the availability of tau from phosphorylation [202].

The most convincing evidence that APOE might alter the neuronal cyto-
skeleton came from Nathan et al. [203], who demonstrated that purified
human APOE3 increased neuritic extension and decreased branching in
rabbit dorsal root ganglions, whilst APOE4 decreased both extension and
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branching, and subsequently it was shown that APOE4 induced microtu-
bule collapse alongside neurite morphology changes [204]. These data sug-
gest an APOE isoform-specific effect on neurite outgrowth and microtubule
stability in cells, although whether this has relevance for the microtubule
collapse seen in AD remains to be seen.

Molecular Relationship Between Plaques and Tangles

The relationship between plaques and tangles has been hotly contested. The
amyloid cascade hypothesis predicts that tangles follow from plaque forma-
tion, but going against that is the observation that accumulation of highly
phosphorylated tau is one of the earliest signs of pathology, occurring
decades before dementia, the observation that normal neurons and amyloid
plaques can co-exist side by side, and the finding that plaques and tangles
do not always occur in the same neuroanatomical location, plaques occur-
ring in the cerebellum, for example, which is never affected by tangles and
remains apparently otherwise intact during the course of the disease. As
discussed above, however, the finding of tau mutations has lent support to
the cascade hypothesis, and therefore there must be a link between the two
pathologies.

Ap is undoubtedly toxic to cells in culture and when injected directly into
cortex [205]. One result of this toxicity, at least in some studies, is an increase
in tau phosphorylation [206]. This tau phosphorylation and the toxicity of
amyloid can be prevented by GSK-3 antisense treatment and by lithium,
strongly suggesting that amyloid triggers (probably indirectly) an increase
in GSK-3 activity which in turn results in an increase in tau phosphorylation
and hence neuronal death [207-209]. An alternative suggestion is that both
tau phosphorylation and APP metabolism are linked through some third-
party event, the most obvious candidate being PKC. As discussed above,
PKC activation in turn stimulates a-secretase and non-amyloidogenic meta-
bolism of APP. The activity of GSK-3 is inhibited by PKC, and so activation
of PKC would be expected to increase non-amyloidogenic metabolism and
decrease tau phosphorylation. This has now been demonstrated using mus-
carinic agonists in parallel experiments where, as predicted, both sAPPa is
increased and tau phosphorylation is decreased. This has obvious and direct
implications for treatment [210]. However, it also has some implications for
understanding pathology. One of the most interesting adaptations of the
amyloid cascade hypothesis suggests that the disease process spreads in
neuroanatomical pathways because the death of a neuron results in less
neurotransmission to the recipient neuron, and if the original, now dying,
neuron was a cholinergic neuron then this would result in less muscarinic
stimulation. It would follow that non-amyloidogenic metabolism in the
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recipient neuron would fall, and tau phosphorylation would increase,
resulting in dissociation from the microtubules, functional loss and then
actual loss of that neuron too. In turn, its recipient neuron would have less
cholinergic input, resulting in a spread of pathology not in geographical
relationships but along neuronal pathways. Thus the amyloid cascade and
the cholinergic hypotheses are brought together [44].

CONCLUSIONS

As well as being the most durable hypothesis to explain the molecular and
neuropathological findings in AD, the amyloid cascade hypothesis can be
used to predict likely disease-modifying targets. The most obvious target is
the generation of amyloid itself. If this can be prevented, or attenuated, then
it is very likely that the disease process would be halted. Inhibiting
y-secretase activity might be problematical, as y-secretase inhibitors would
also be expected to inhibit the maturation of notch and thus might have
adverse consequences on haematopoiesis amongst other processes. Inhibi-
tors of BACE have already been identified and are being very intensively
studied as potential disease-modifying agents. Increasing the activity of a-
secretase via PKC is a definite alternative strategy, although the caveat
remains that it has not yet been proven that this will result in a decrease
in amyloid itself. Nonetheless, the great advantage of this strategy is that
compounds that increase PKC activity are tried and tested and in the shape
of cholinergic-enhancing compounds (cholinesterase inhibitors for example)
are already in use in the target population. Furthermore, these compounds
have also been shown to reduce tau phosphorylation, thus “hitting” the
disease process at two sites simultaneously. An alternative approach to
tackling amyloid is to prevent fibrillogenesis of the amyloid peptide or to dis-
semble early aggregates before plaque formation. Compounds seeking
to achieve this are in generation.

Agents to prevent amyloid formation will be useful in AD but not the
frontotemporal dementias, whereas anti-tau aggregation strategies would
be active in both types of disorder. Tau aggregation itself is a site for
potential therapeutic intervention, as is tau phosphorylation. Lithium is a
relatively toxic GSK-3 inhibitor, but other less toxic GSK-3 inhibitors might
be of some practical use in AD. Given that GSK-3 is inhibited by lithium,
these compounds will be of considerable interest as potential agents in
affective disorders as well.

However, beyond all question, the most exciting development is a highly
novel approach using immunological clearance of amyloid plaques. It was a
highly surprising finding that peripheral administration of passive and
active immunization against amyloid not only stopped further development
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of amyloid plaques in transgenic animals, but also cleared existing plaques
in mature transgenic animals and, most remarkably, reversed the acquired
cognitive deficit that occurred in some of these animals [211, 212]. The
importance of this finding is difficult to overestimate. If these findings are
replicated, safely, in man, the first truly disease-modifying treatment would
have resulted for this devastating condition and the challenge would then
be our ability to deliver it to those most in need.
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