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Preface

This volume of Advances in Neurobiology deals with the neurochemistry of disease.
Included are chapters on both human diseases and animal “model” diseases.

Sources of human tissue.
The three main sources of human neural tissues for chemical studies have been:

Brain obtained at autopsy

Brain obtained at biopsy or incidental to neurosurgery

Nonneural tissues containing molecules identical to those in clinically affected
brain or nerve

In theory, peripheral nerve is more available than brain, but chemical analyses of
peripheral nerves are relatively limited.

A major problem in doing chemistry on brain obtained at autopsy is the possibil-
ity of artifacts arising during the process of dying or in the interval between death
and chemical analysis: agonal or postmortem artifacts. During the first decades
of modern neurochemistry, this problem was considered so severe that few stud-
ies were done on autopsy material. Over 30 years ago, Davison and Bowen and
their coworkers at Queen Square in London recognized that it was possible to study
meaningfully in autopsy brain those molecules that were stable agonally and post-
mortem (Bowen et al., 1976). Their recognition that one of these proteins was the
enzyme choline acetyltransferase allowed them to make major discoveries about the
vulnerability of the cholinergic system in Alzheimer disease; that discovery has led
to the only available treatments for this common and devastating condition.

Davison and coworkers did extensive control experiments to ensure that they
were studying properties of the brain rather than artifacts that arose during the pro-
cess of dying or after death. Unfortunately subsequent workers have not always
adhered to those meticulous standards. It is relatively easy to obtain pieces of human
autopsy brain in a hospital or medical school from people who had a variety of
diseases of the brain as well as from “controls” free of brain disease detected clin-
ically during life. These are, of course, not truly “healthy controls.” They are, after
all, dead; they have to have died of something. The ease with which samples of
human brain can be obtained has, unfortunately, allowed publication of studies
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where control of sample quality has been sloppy. Interpretation of neurochemical
data obtained from autopsy brain must always take into account the possibility of
the agonal or postmortem artifacts that so worried earlier neurochemists.

Chemical measurements have also been made on human brain tissue obtained
from biopsies or from therapeutic surgery (Smith et al., 1983). Here, agonal and
postmortem artifacts are not a problem. However, the tissue available is limited.
Patient welfare rather than scientific utility must determine the amounts of tissue
available and the anatomical sites from which it comes.

An experimental approach that avoids concerns about the quality of brain tissue
is to study in available peripheral tissues genes or gene products that are identical
to those in neural tissues. Examples include blood cells and cultured skin fibrob-
lasts, and to a lesser extent biopsies of other tissues such as muscle (Bubber et al.,
2005). Most workers assume that genes are identical in all tissues examined from
an individual but worry about epigenetic modifications, to DNA as well as to post-
translational and posttranscriptional products. However, extensive data indicate that
study of proteins in peripheral tissues can often give critical information about those
molecules in the brain: the standard A striking example is the use of white blood
cells and cultured skin fibroblasts to elucidate enzyme defects in inborn errors of
metabolism. A well-known example is Tay—Sachs disease (GM>—gangliosidosis)
(Roe and Shur, 2007).

Animal tissues.

Brain and other tissue from sick experimental animals is as readily available as from
healthy animals. That includes transgenic and other animals with “model human
diseases.” But, it is vital to remember that mice are not men, nor are rats or other
experimental animals. For instance, triple transgenic mice have been crafted that
develop light microscopic lesions that mimic those of Alzheimer disease (AD).
(Pietropaolo et al., 2009). However, direct molecular studies document that such
triple gene mutations are not the cause of human AD (Tanzi et al., 1991). Treatments
have been identified that benefit “Alzheimer mice” (Sung et al., 2004) but not human
patients with this illness. (Petersen et al., 2005; Tabet et al., 2000)

Disease.

Neurochemical studies of illness of the brain typically involve comparing a set of
samples classified as “disease” versus a set of samples labeled “control.” Clinicians
or pathologists do the classification, not chemists. At the extremes of health or ill-
ness, it may seem easy to decide who is sick and who is not. In fact, the line is hard
to draw. If bizarre and often self-destructive behavior is a sign of mental illness, do
we classify adolescence as a form of madness? Are intestinal parasites found in the
majority of people in a population “normal” or a form of disease? We have been
treating hookworm even though this “germ of laziness” was once endemic in the
states of the old Confederacy. Social consensus is particularly important in labeling
as “sick” behaviors that are odd but not harmful. Certain sexual variants are consid-
ered worth treating in the United States but are thought of as harmless eccentricities
in England. (That shocked some of my fellow Americans who went for additional
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training in psychiatry at the Maudsley Hospital in London.) Soldiers who sacrifice
their lives intentionally for their comrades are not classified as suicidally insane.
Instead we give them medals.

Specific diseases.

For the last three centuries, it has been conventional to classify sick people as hav-
ing one or another specific disease. That includes illness of the nervous system,
psychiatric as well as neurological. In fact, the concept of specific diseases is a use-
ful but fundamentally unrealistic abstraction. It is one of those approximations that
comes out of the English Enlightenment, that are too useful to be discarded even
though they do not stand up to close analysis. Grouping patients according to their
“disease” helps to provide guidelines for their care, even though in fact every sick
person is different from every other sick person. Skilled care requires individualiza-
tion of care. The British psychiatrist R. E. Kendall has developed the logic of this
conundrum with great clarity (Kendall, 1975).

An historical aside may clarify the issues. In the medical tradition that went
from the ancients (Hippocrates and Galen) through the Middle Ages until the
Enlightenment, physicians basically thought about disease in terms of mechanism.
The conventional “theory of humors” was a crude attempt to describe illness in
terms of imbalances in body composition, before the invention of modern chemistry
and biochemistry.

The modern theory of “specific diseases” was developed in the 1600 s by an
English physician, Thomas Sydenham (Haas, 1996). His Latin was too weak for
him to study the medical literature of his time, but the professoriat at Oxford granted
him a medical degree anyway: his brother was one of Oliver Cromwell’s colonels.
Came the Restoration, and Sydenham had to make a living. Fortunately, he was a
genius. He recognized that specific patterns of signs and symptoms could define
clinical entities that typically responded to specific medications. His model was the
use of quinine to treat malaria, to treat “tertian and quartan fevers.” His concept of
specific diseases responding to specific medicines was so powerful that it has come
to dominate medicine.

In the later nineteenth and early twentieth century, German-speaking neuropsy-
chiatrists (“‘alienists”) defined neuropsychiatric diseases for which they could not
find a neuropathological substratum in terms of the aberrant behaviors. Although
sensible enough for the state of knowledge at that time, this approach has been
breaking down in recent decades. It is now clear that the same gene mutation
can lead to different psychiatric syndromes, to different “diseases” as they are
now defined. One classic example is the gene DISC I, which can predispose to
“schizophrenia” as well as to “bipolar disease” (manic-depressive psychosis) and
“depression” (Chubb et al., 2008).

Perhaps more important, behavioral patterns alone do not predict response to
chemicals that act on the nervous system, that is, to medications (Blass, 2006). Thus,
behavioral manifestations do not identify specific diseases in the sense originally
defined by Sydenham. That is true even of the detailed behavioral classifications
created by the committees that write the Diagnostic and Statistical Manual of
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the American Psychiatric Association (the successive versions of DSM) (American
Psychiatric Association, 2000).

Neurobiology and specifically neurochemistry may—one hopes—give rise to
more biologically based and therefore presumably more clinically useful defini-
tions. The editors hope that this volume on the neurochemistry of disease will further
that aim.

White Plains, NY John P. Blass
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Mechanisms Versus Diagnoses

John P. Blass

Abstract Science is a branch of scholarship: it provides explanations for mate-
rial phenomena in terms of matter and energy. Medicine by contrast is a trade: it
applies scientific knowledge but also requires nonscientific skills such as empathy.
Neurochemistry is the science that deals with the molecules that make up nervous
systems and with their interactions. Neurology and psychiatry are the trades of those
who try to help people with diseases of the nervous system to heal. Scientists includ-
ing neurochemists have the luxury of taking the time needed to probe deeply into
the phenomena they study. Neurologists and psychiatrists more often face sharp con-
straints on how long they can take to try to help the sick human beings for whom they
care. Examples used to illustrate this distinction include psychoses and demyelinat-
ing diseases. The existence of a large and often impressive body of scholarship in
neurology and psychiatry can foster the illusion that these are scholarly rather than
fundamentally practical activities. For convenience, modern physicians conceptual-
ize the phenomena they see as discrete “diseases.” Sometimes their concepts turn
out to be scientifically valid. Often, sadly, they do not. The current chapter deals with
neurochemical mechanisms rather than listing abnormalities in molecules in clini-
cally defined “diseases.” Neurochemical mechanisms in sick people are real-world
entities that can be discovered by observation and whenever possible by experi-
mentation. “Diseases” are abstractions constructed by physicians and others to help
figure out what is wrong with patients and how to try to help. This chapter is on
the chemistry of nervous systems of people whose actions are unusual enough to
draw medical attention to them. It does not deal with such nonmaterial concepts as
“free will” or “the soul,” nor with the relationship of mind to brain. This limitation
is intentional and potentially powerful. A neurologist or psychiatrist armed with the
array of chemicals that constitute the modern pharmacopeia can do much more than
even the most sympathetic and understanding physician or other counselor who is
limited to “talk therapy.” Sigmund Freud and his fellow alienists in Vienna at the
turn of the last century yearned to have such medicines available. In general, the
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2 J.P. Blass

Viennese-trained psychiatrists who fled to the United States were perfectly willing
to use psychotropic medications, although they made sure to talk extensively to their
patients as well. Even the psychoanalysts in that group held to the slogan, “There
is also a brain.” Despite the disputes among “schools of psychoanalysis” that went
on with talmudic intensity, the able among those practitioners never forgot that their
goal was to aid the troubled individuals who came to them for help.
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1 Introduction

1.1 Focus of This Volume

This volume of the Handbook of Neurochemistry deals with chemical mecha-
nisms in the nervous systems of sick people. It is intentionally not a catalogue
of neurochemical phenomena in specific diseases, as those entities are currently
defined. Thus, there are no chapters on the “Neurochemistry of Depression” or
“Neurochemistry of Stroke.” The choice to focus on mechanisms rather than on
diseases deserves explication.

1.1.1 Contrasts Between Science and Clinical Medicine

Science is primarily a scholarly endeavor; the practice of medicine is primarily a
practical trade. Scientists try to find out more and more about the world, even if
doing so is time-consuming. Medicine, in contrast, depends more on what is useful
than on what is “true.” That includes the specialties of neurology and psychiatry.
The important information for medicine is that which enables medical practicioners
to decide how best to try to help individual sick people. Generally those decisions
must be made within a limited amount of time in order to be useful. Even the deci-
sion to do nothing is a decision that affects patient welfare. When possible, medical
decisions are based on scientific information, but where the science is lacking the
decisions still have to be made.
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Chemists are confident that knowledge about the molecules of which the material
world consists can help human beings to understand and deal with that world. We do
not doubt that molecules are real things, even if too small to be seen (at least without
an electron microscope). We believe that understanding the molecules that make
up the brain and how those molecules interact can help us understand our brains
and therefore ourselves. Many examples prove that alterations in the molecules that
make up human beings can lead to sickness, that is, to signs and symptoms that
cause significant disability in patients. We recognize that individual sick people,
like molecules, are real things.

“Diseases,” in contrast to molecules and to individual patients, are abstractions
(Kendell, 1975). The properties of molecules are determined by experimentation;
the properties of diseases are determined by consensus conferences. The names
and classifications of diseases are inventions of the human mind, developed for the
intellectual convenience of those of us who have been trying to take care of sick
people.

1.1.2 Utility of the Disease Concept

Physicians have found the concept of specific “diseases” to be a useful intellec-
tual construct, despite the sometimes tenuous relationship of specific diseases to
underlying reality. Medical practitioners rapidly experience the truism that every
patient differs significantly from every other patient. However, the concept of spe-
cific “diseases” allows physicians to classify patients into groups who are likely
to react in similar ways and specifically to respond to specific therapies. These
intellectual constructs change as more information becomes available. Disease clas-
sifications and therefore disease categories will almost certainly continue to change
as biology advances. The current rapid increases in understanding the chemistry and
molecular genetics of the nervous system are already changing the way dysfunc-
tions of the nervous system are thought of and therefore classified. For instance, the
“hereditary ataxias” presented an almost impenetrable forest of erudition as long as
differentiation among them depended on clinical signs and symptoms. Now that the
responsible genes have been discovered, classification is straightforward and so is
differential diagnosis (Duenas et al., 2006; Lodi et al., 2006). Both now depend on
laboratory studies of the molecular genetics.

Simply enumerating the chemical abnormalities in entities that are still defined
by clinical rather than biological criteria is unlikely to have lasting value, as those
categories become increasingly out of date and discarded. On the other hand, mech-
anisms that have been defined experimentally are not likely to stay scientifically
valid, although our understanding of them will, it is hoped, continue to deepen.

1.2 Historical Background

People attempting to heal the sick have almost always used the best knowledge of
the universe available to them to do so. For the priests of Aesculapius in ancient
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Greece, that was a mixture of mysticism and empiricism. (Aesculapius may orig-
inally have been an unusually skilled doctor, whose deification helped maintain a
flow of patients to the hospital [shrine] that he founded.) Today, physicians try to
use the more objective system of observations and interpretations that make up sci-
ence, including the science of neurochemistry. (Of course, the “art of medicine”
often still requires a certain amount of mumbo-jumbo. Many patients lack confi-
dence in a diagnosis and treatment unless it is described to them in long words of
Latin and Greek origin that they do not understand.)

1.2.1 Hippocratic Tradition

The Hippocratic tradition dominated medical practice from ancient times through
the middle ages and up to early modern times. This tradition is relatively easy to
adapt to modern molecular medicine. First, it is descriptive rather than theoretical.
Hippocratic physicians described the things that they could observe going wrong in
their patients so clearly and accurately that we can attribute many of the illnesses
they describe to agents discovered only within the last century or so. A classic
example is the “Plague of Athens,” which had major effects on the war between
Athens and Sparta. It is now thought to have been an outbreak of adult measles.
Hippocratic physicians recognized that groups of people often had the same sorts of
things going wrong with them, particularly during epidemics of what we now call
infectious diseases. In fact, one of the books in the Hippocratic corpus is entitled
“Epidemics.”

1.2.2 Theory of Humors

The ancient and medieval tradition was also crudely chemical, although the
chemistry of the time was terribly primitive compared to modern knowledge. It
emphasized the theory of humors. In health, the humors were in balance. In illness,
they were out of balance. Treatment consisted in restoring balance. For instance,
a person who had too much moisture needed treatments to help dry out enough to
regain balance. The medieval form of this theory of humors depended heavily on
the writings of Galen, who had been among other things physician to the emperor
Marcus Aurelius. Our chemistry is almost infinitely more complex, but the thrust
of modern mechanistic thinking has significant similarities. When a person today
retains water and salt, we typically prescribe a diuretic to “dry him out.” Our more
sophisticated concept of “balance of humors” is “healthy homeostasis.”

1.2.3 Sydenham’s Conceptualization of Specific Diseases

The modern theory of diseases as distinct entitites was popularized in the 1600s
in large part by a great English physician, Thomas Sydenham. He lived during the
era of the religious wars in Europe, and his brother was one of Oliver Cromwell’s
colonels. The faculty at Oxford gave Thomas the medical qualification he wanted
even though he was barely literate in Latin, the language in which the medical
literature of his time was written. Came the restoration of the Stuart monarchy,
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and Thomas had to make a living. He did so by practicing the profession whose
literature he couldn’t really read. Fortunately, he was a genius. Science at that time
was heavily a matter of classification, including classification of the new species
of plants and animals being discovered in the Americas and other continents pre-
viously unexplored by Europeans. Sydenham classified illnesses analogously to the
way Linnaeus was classifying plants.

Sydenham used two sets of criteria for his classifications: clinical signs and
symptoms and response to specific therapy. His model was what we now recog-
nize to be malaria. This disease typically causes high fevers every third or fourth
day, reflecting the life cycle of the parasites which we now recognize to cause it.
Sydenham characterized this clinical entity as “tertian fever” or “quartan fever.” He
recognized the value of treating it with extracts of cinchona bark, whose active prin-
ciple we now recognize to be quinine. This eminently practical approach—clinical
signs and symptoms indicating the need for a particular treatment—proved so useful
that it came to dominate medicine, not only in Britain but also in other countries.
Because Sydenham’s concept included response to a particular treatment (often a
medicine containing one or more critical molecules) it was to some extent a chem-
ical classification. However, it is worth noting that Sydenham himself felt that his
friend Dalton’s ideas about atoms had no significance for clinical medicine. Given
the medical ignorance of the time, his conclusion was correct when he made it.

1.2.4 Chemical and Biological Refinements of Sydenham’s Concepts

Over the succeeding centuries, developments in chemistry and biology led the con-
cept of what constituted a “disease” to depend less on purely clinical observations
and instead on more putatively “scientific” characteristics. The growth of chemistry,
especially the development of the chemistry of dyes during the nineteenth century,
led to the discovery of chemicals that stained human tissues obtained at autopsy.
The increased information that then came from pathology led to the definition of
diseases as “clinical-pathological” entities, that is, conditions in which a clincal pat-
tern was associated with a more or less specific anatomic pathology. This approach
still dominates neurology textbooks. Confusing clinical entities such as Alzheimer
disease are considered to be based on hard scientific definitions, inasmuch as they
are associated with characteristic neuropatholgical changes revealed by microscopic
examination after staining with appropriate dyes. Psychiatry has been considered a
“soft” specialty in part because of the lack of recognized anatomic pathology in the
brains of people with such major disorders as schizophrenia and depression. Now
that modern imaging techniques are increasingly identifying “objective’” abnormal-
ities in the major mental illnesses, psychiatry has been described as becoming more
scientific.

Bacteriology and subsequently virology also led to important modifications of
Sydenham’s concept of diseases. Instead of such general classifications as “pthisis”
for inflammation of the lungs, physicians came to recognize more specific entities
such as “tuberculosis” or “diplococcus pneumoniae pneumonia.” The development
of convenient modern techniques for culturing pathogenic infectious agents and
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determining their sensitivities to specific antibiotics has allowed this biological
knowledge to become part of the daily practice of medicine. We recognize an infec-
tion with “multiple antibiotic-resistant staphylococcus aureus” (MRSA) as an entity
independent of the organ infected and the resulting anatomic pathology. However,
it is worth noting that the sensitivities to particular antibiotics of different strains of
the same species of bacteria now vary so much that rational treatment of infec-
tions still involves direct laboratory studies of the patient being treated, namely
culture of the responsible micro-organisms from the specific patient and tests of
its sensitivity to specific antibiotics. You and I may both have pneumonia, and both
your and my pneumonia may be due to infection with diplococcus pneumoniae,
but your pneumonia may respond to and be appropriately treated with penicillin
whereas mine needs to be treated with another antibiotic. Knowing that clini-
cally important difference early in the course of our treatment requires laboratory
tests.

1.2.5 Molecular Studies and Clinical Specificity

Modern biochemistry and particularly modern nucleic acid chemistry (molecular
genetics) are forcing practitioners to re-evaluate their concepts of what constitutes
specific diseases. Nowhere is this more evident than in diseases of the nervous sys-
tem. (Hereditary ataxias are an example discussed above; psychoses are an example
discussed below.)

It would have been convenient if abnormalities in specific genes were to have
led reliably to specific clinical symptoms and signs, that is, to specific “diseases.”
Unfortunately, they do not. The general pattern has been that when an abnormal
gene is associated with a clinically defined entity, investigators at first assume that
it is more or less specifically associated with the “disease” in which it was discov-
ered. Subsequent studies of larger populations with a larger variety of “diseases”
typically show that abnormalities of the gene in question turn out to occur in a
variety of different diseases and usually even in people who have no clinically sig-
nificant disability. “Diseases” defined clinically or even by a combination of clinical
and laboratory findings generally turn out, on extensive study, to be genetically
heterogeneous in two senses: different genes can lead to the same clinical pat-
tern, and abnormalities of a single gene can lead to different clinical syndromes.
Stated technically, epidemiologically based studies typically reveal that diseases
defined clinically are genetically heterogeneous, and the consequences of mutations
in a single gene most often turn out to be clinically heterogeneous. The following
paragraphs give examples of these complexities.

1.3 Example 1: Tay-Sachs Disease

A classical “homogeneous” inborn error of metabolism, namely Tay—Sachs disease
(GM, gangliosidosis), provides a clear example.®



Mechanisms Versus Diagnoses 7

1.3.1 Clinical Patterns

This condition was recognized clinically in the nineteenth century in infants of
Ashkenazi Jewish heritage, who suffered from a form of severe psychomotor
retardation in infancy and early death. These children were hard to distinguish
clinically from other infants who had other forms of devastating, early psychomo-
tor retardation with blindness, that is, other forms of “familial amaurotic idiocy.”
Differential clinical diagnosis depended on such clinical signs as an “exaggerated
startle response,” that is, an infant with Tay—Sachs disease was supposed to cry even
more than usual if startled by something like a loud clap of the physician’s hands.

1.3.2 Neuropathology, Neurochemistry, and Molecular Biology

Neuropathological observations subsequently allowed a more biological definition
of the subgroup of children with “true” Tay—Sachs disease. Light and then elec-
tron microscopy revealed characteristic “whorls” of material stored in their brain.
Subsequent neurochemical studies identified that material as GM; ganglioside.
Enzymatic studies showed that Tay—Sachs disease was due to a lack of a functional
form of an enzyme that catalyzes the breakdown of GM, ganglioside, namely hex-
osaminidase A. Molecular genetic studies demonstrated that this lack was due to
mutations in the HEXA gene that encodes this enzyme. Definitive clinical diagnosis
of Tay—Sachs disease now requires molecular genetic confirmation. The clinical
overlap among patients with “lipid storage diseases” is so great that a specific
diagnosis based on history and physical examination is no more than an informed
guess.

Thus neurochemistry and molecular biology appeared to have identified a bio-
logically homogeneous population who suffered from a particular constellation
of clinical signs and symptoms due to homozygous recessive inheritance of a
mutation-specific gene in a particular ethnic group, that is, from a specific “molecu-
lar disease.” Clinical applications of these neurochemical discoveries have allowed
Ashkenazi Jewish couples to be tested for carrier status even before the woman
becomes pregnant. Prenatal testing of cells obtained at amniocentesis from fetuses
at risk for this disease has allowed termination of the affected pregnancies in this
ethnic group for whom therapeutic abortion is religiously acceptable. This triumph
of modern medicine appeared to hold up as long as the chemical analyses were so
expensive and tedious that they were done largely in children who fit or were at
risk for the expected clinical characteristics. However, as cheaper and more auto-
mated procedures were developed that allowed testing of larger populations, the
associations between gene and ethnicity and gene and clinical syndrome both broke
down.

1.3.3 Genetic Variability

HEXA deficiency has turned out to be neither genetically nor ethnically homo-
geneous. A variety of different alterations—mutations—in the HEXA gene have
been associated with classic, infantile Tay—Sachs disease. The existence of different
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Table 1 Clinical presentations of HEXA deficiency

Psychomotor retardation Gravel et al. (1995)
Early infantile form
Late infantile form

Sandhoff disease Hendriksz et al. (2004)
Infantile form
Juvenile form

Juvenile progressive dystonia Meek et al. (1984)

Spinocerebellar disease (several clinical Argov and Navon (1984), Oonk et al. (1979), and
syndromes) Rapin et al. (1976)

Motor neuron disease Argov and Navon (1984) and Drory et al. (2003)

Focal muscular atrophy Iype et al. (2006)

Dementia Hammer (1998) and O’Neill et al. (1978)

Depression Hammer (1998) and Renshaw et al. (1992)

Schizophrenia Hammer (1998) and Rosebush et al. (1995)

Postpartum psychosis Lichtenberg et al. (1988)

Asymptomatic Navon et al. (1973)

This list is not exhaustive, nor is the citation of references. New syndromes associated with HEXA
deficiency are still appearing in the medical literature.

mutations in a single gene among different individuals and among different popula-
tions is, of course, the rule rather than the exception in studies of inherited diseases.
Clinically typical, HEXA-deficient Tay—Sachs disease occurs in a number of ethnic
groups. In some, the mutations tend to differ from those most frequently found in
Ashkenazi Jews. For instance, there is a “French Canadian” mutation as well as an
“Ashkenazi Jewish” mutation. (See Gravel et al., Table 1, for discussion and ref-
erences.) However, the overlaps in mutations among ethnic groups are wide. They
confirm the principle, well known to human geneticists, that genome studies tell
many of us things that we did not know, or want to know, or want our spouses
to know. (Genetic counselors are obligated to warn a family for whom molecular
genetic studies are recommended that for perhaps 15% of children, the supposed
father is not the biological father.)

1.3.4 Variations in Clinical Phenotype

More important for this discussion, abnormalities of the responsible HEXA gene
have now been associated with a dozen or more clinically distinct patterns (Table 1),
including “schizophrenia” and including people with no clinically significant dis-
ability. Put technically, “adult onset Tay—Sachs disease” is clinically pleomorphic.
A steady stream of reports continues to appear describing variant neurological
abnormalities in people with “adult onset Tay—Sachs disease.”

Systematic large studies of the incidence of HEXA abnormalities among patients
in common diagnostic categories such as “schizophrenia” are in short supply.
What studies have been done encourage further work (Goodman, 1994). Studies
of another inborn error of metabolism associated with “schizophrenia syndromes,”
metachromatic leukodystrophy, have shown a high incidence of abnormalities in
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sulfatide metabolism. The abnormalities have been attributed to “pseudosulfatase
deficiency” (Alvarez et al., 1995; Galbraith et al., 1989; Herska et al., 1987).
Molecular genetic investigations have not been reported. There appears not to
have been a systematic study at the molecular genetic level of the incidence of
abnormalities in genes responsible for storage disorders such as Tay—Sachs dis-
ease and metachromatic leukodystrophy, what have previously been called “Type 11
schizophrenics.” These unfortunate patients suffer from relentless, generally drug-
unresponsive, progressive psychoses which sooner or later turn into dementia, and
are associated with brain atrophy with enlarged ventricles. Type II schizophrenics
appear to have a progressive brain disease. One may speculate that some of them
have as yet unelucidated variants of disorders that in other, more severe forms lead
to progressive psychomotor failure in infancy or early childhood.

1.4 Example 2: Psychoses

The neurochemical and molecular genetic study of psychoses including schizophre-
nia is beset by problems of clinical definition.

1.4.1 Recognizing Psychosis

The first of these problems is deciding who is psychotic. The difficulty in defining
precise criteria for whether someone is crazy is summarized in an old Quaker saying:
“All the world is mad but me and Thee, and sometimes I doubt Thee.” Whole nations
can go mad, for instance, the paranoia of the highly educated German-speaking
world during the time of the Nazis. (The review of the movie Saving Private Ryan
in the Siiddeutsche Zeitung pointed out that using the Nazis as a horrible exam-
ple is less controversial than using more up-to-date examples of insane cruelty
masking itself as politics.) Sets of diagnostic criteria for psychosis and for specific
psychoses continue to be promulgated, not least in the volumes of the Diagnostic
and Statistical Manual of the American Psychiatric Association (most recently DSM
IV-TR). Applying these criteria well requires skill and training.

Although the lines between mad, odd, and sane are hard to draw precisely,
common sense often allows easy classification. As usual, a clinical anecdote is
illustrative.

A woman suffering from a severe (masked) depression lost her appetite to the point where
her body weight fell to a dangerously low level (body mass index of 14.3). The neurologist
who saw her immediately arranged admission to a psychiatric hospital. The admitting resi-
dent there was concerned about whether the patient met DSM IV-TR criteria for depression,
and if so of what type. The neurologist responded, somewhat rudely: “Look, this lady has
nearly succeeded in starving herself to death. Please admit her and feed her, if necessary
through a tube, and treat her for depression. There will be plenty of time to worry about
how to classify her mental disease once she is no longer at imminent risk of death from an
infection or other complication of starvation.”
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1.4.2 Classification of Psychoses

Clinical observers have classified forms of madness in different ways over the cen-
turies. The Hippocratic physicians used the single category “delirium” for madness
whether an external cause could be recognized or not. In modern terms, they did not
distinguish between endogenous and exogenous psychoses, and between endoge-
nous and exogenous neurointoxicants. Instead they described what was happening
in individual patients or groups of patients. As knowledge of the molecular bases
of psychotic behavior increases, including endogenous chemical imbalances in the
brain, we may yet go back to a modernized version of their formulation.

The modern classification of madness goes back about a century, to the
German psychiatrist Bleuler. Among the mental disorders he classified that had
no neuropathological stigmata at that time were schizophrenia (thought disor-
der) and depression and manic-depressive disease (mood disorders). This dis-
tinction has persisted in psychiatry. It continues to be widely although not uni-
versally accepted. However, modern molecular studies are bringing the biology
of the distinction between “thought disorder” and “mood disorder” into serious
question.

1.4.3 The DISCI Locus

DISCI is an example of a gene that predisposes to both thought disorder and mood
disorder (Craddock et al., 2006; Porteus et al., 2006). The association of this gene
with schizophrenia was discovered in a family in whom the insanity was associ-
ated with a balanced translocation. A number of studies then demonstrated and
confirmed that abnormalities in this gene were associated with “typical” schizophre-
nia. Further studies showed that abnormalities in DISCI were also associated with
manic-depressive (bipolar) psychosis. This was not too surprising, because the clini-
cal differential diagnosis between schizophrenia and bipolar disease can be difficult,
particularly while the sufferers are very crazy. Further studies then showed that
abnormalities in DISCI were also associated with recurrent unipolar depression,
which is relatively easy to tell from schizophrenia and, with careful examination,
even from bipolar disorder. Porteus et al. (2006) concluded that: “DISCI is a gen-
eralizable genetic risk factor for psychiatric illness that also influences cognition in
healthy subjects.”

1.4.4 Other Loci

Other loci also contribute to the risk of schizophrenia as well as other dis-
eases. Mutations in the neuroregulin 1 gene (NRG-1) are also associated with
both thought disorders and mood disorders (Green et al., 2005). Abnormalities in
the 15q13-ql4 region of chromosome 15 predispose replicably to the existence
of schizophrenia, but also to bipolar disorder, schizoaffective disorder, Prader—
Willi syndrome (a developmental disorder associated with psychosis), and some
forms of juvenile epilepsy (Leonard and Freedman, 2006). Other loci associated
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with both “schizophrenia” and “bipolar disease” have been described on chromo-
some 13 and chromosome 22 and in relation to genes encoding components of
myelin.

1.4.5 Modifier Loci

Presumably, the variable clinical presentations of a single genetic abnormality
reflect the influences of other genes as well as of varying environmental events.
The effect of other parts of an individual’s genome have been referred to as
actions of “modifier genes” or “genetic background.” The effects of specific envi-
ronmental influences on the clinical expression of a variation in DNA are also
being delineated. A striking example is the combination of the interaction of the
Val'38 allele of catechol-O-methyl transferase (COMT) and cannabis use in causing
“schizophrenia.” Whether the effects of this allele by itself are clinically signifi-
cant is controversial. However, it is clear that those who carry this allele and also
use cannabis during their adolescence have a tenfold increased risk of becom-
ing psychotic, compared to the general population (Caspi et al., 2005). Is their
psychosis “schizophrenia” or “cannabis toxicity?” Does it matter? As the late
Houston Merritt said about a patient presented to him as a diagnostic problem,
“We all know what is wrong with this person; we are just debating what to call
it.” These semantic problems can be an entertaining exercise in medical erudition,
but semantic distinctions should not alter the quality of the care we give to individual
patients.

1.4.6 Implications for Research on Mental Illness

The recognition that the same fundamental biological changes can lead to both
thought disorders (schizophrenias) and mood disorders (bipolar disease and some-
times unipolar depression) does not contradict clinical experience as much as
it brings into question interpretations of neurochemical research on these disor-
ders. Bleuler, one of the psychiatrists most responsible for the distinction between
thought disorders and mood disorders, himself recognized that the clinical distinc-
tion (“differential diagnosis”) between these conditions can be extremely difficult.
The standard emergency room pharmacological treatment for a patient with an acute
psychosis involves treatment suitable for both conditions. However, researchers
have in the past used patients with the diagnosis of “bipolar disorder” as “dis-
ease controls” for studies of “schizophrenia,” and vice versa. Several metabolites
discovered decades ago in the urine of mentally ill people were dismissed as ‘“non-
specific findings” because their excretion was associated with both conditions. In
the light of modern molecular genetic discoveries, that interpretation may have been
wrong. The patients in the two categories may have had different clinical manifes-
tations of the same biological, neurochemical abnormality. Skolnick (2006), who
has extensive experience and expertise in the development of new pharmaceuticals,
has proposed that the best way now available for developing innovative treatments
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for complex illnesses such as psychoses is to define genetic risk factors and then
develop innovative new drugs based on the genetic information.

1.5 Example 3: Multiple Sclerosis and Demyelination

1.5.1 Clinical Patterns

The medical school definition of “multiple sclerosis” (MS) is demyelination within
the central nervous system that varies in space and time. The term refers to a dis-
order in which patches of demyelination develop during exacerbations. In the most
common forms of MS, exacerbations are separated by varying periods of time in
which the disease does not appear to progress. Whether progressive demyelination
without clear periods of remission should be considered a form of MS is a matter
of definition, about which clinicians specializing in the care of patients with this
disorder have argued. Conventional medical nomenclature classifies as distinct enti-
ties a number of disorders of myelin that can mimic MS clinically. These include,
for instance, the sometimes devastating demyelination localized to the pons or the
demyelination that can follow infectious diseases and/or vaccinations.

The precise meaning of the term“multiple sclerosis” is “many scars.” The words
themselves do not indicate that the scars are even in the nervous system, let alone in
myelin. The British terminology, “disseminated sclerosis,” is no more descriptive.
Charcot, who first distinguished this condition from other disorders of the nervous
system including syphilis, coined the slightly more precise French term, “sclerose
en plaque.”

An inconvenient but more descriptive name for this MS is “intermittent, patchy
demyelination.” This clumsy term makes clear that “multiple sclerosis” is unlikely
to be a single entity in terms of cause (etiology) or disease mechanisms (patho-
physiology). In principle, any conditions or combination of conditions that lead to
intermittent, patchy demyelination are forms of “multiple sclerosis.” If a clear cause
can be identified, the condition is by convention not referred to as multiple sclerosis.
The disease is therefore by definition of unclear etiology. The neurology literature
of the last 100 years contains confident declarations that multiple sclerosis has been
proven to be a viral disease, that it has been proven not to be a viral disease, that
it has been proven to be an immune disease, that immune mechanisms in multiple
sclerosis have been shown to be secondary to the disease process, and so on.

1.5.2 Proposed Mechanisms

Current opinions on cause and mechanism include the possibility that MS is often
due to a form of “molecular mimicry,” in which an immune response to an infective
or other exogenous agent leads to the formation of antibodies and/or cells that cross-
react destructively with components of normal myelin. “Molecular mimicry” is well
established in certain other disorders of the nervous system (Candler et al., 2006)
including paraneoplastic syndromes (Posner, 2003).
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1.5.3 Chemistry of Demyelination

In contrast to the confusion about what multiple sclerosis is or are, the chemistry
of demyelinating processes is rather well defined. (See Chapters XXX.) Whatever
the causes of “multiple sclerosis” eventually turn out to be, they lead to demyeli-
nating processes which will in all likelihood be very similar to or identical at
the neurochemical level with the demyelinating processes that have already been
elucidated. The information about the mechanisms of demyelination is based on
firm, robust, reproducible experimental observations. This information is likely to
expand, but what is now proven is unlikely to change. This solid science contrasts
with the theoretically rather vague although clinically useful clinical conceptualiza-
tion of “multiple sclerosis” as an entity. Describing the neurochemical correlates
of MS would be an exercise in phenomenology, and unstable phenomenology as
the clinical definition of this syndrome changes. Demyelination can, however, be
meaningfully discussed in terms of mechanistic neurochemistry.

1.6 Implications

The practice of medicine is a service profession, not a science. It has more in
common with a trade than with a branch of scholarship. The physician has the
responsibility of trying to keep in mind all the variables that pertain to the person he
or she is trying to help, and must choose within a relatively short time to do noth-
ing or to do something practical, such as prescribing a medication or giving advice.
The scientist has the responsibility and the luxury of taking the time to think deeply
about one aspect of a problem. There is truth to the cliché that scientists are paid to
think more and more about less and less (at least until they become senior enough
to have “administrative responsibilities” including raising large sums of money).

Science has undoubtedly contributed in major ways to the improvement of human
health, as documented by increasing longevity in developed countries. Not least
have been improvements in nutrition, in the safety of the water and food sup-
plies, and in maternal and child health including vaccination against communicable
plagues of childhood, such as diptheria. The mental health of both patients and
practitioners requires that we also believe in the value of curative medicine (as
do the profits of pharmaceutical companies). Unfortunately, there are observations
which temper that confidence. During a doctors’ strike in Israel some decades
ago, the death rate fell, with no compensatory blip before or after the time dur-
ing which everything but emergency medicine and the refilling of medications was
suspended. These data do not lead to a recommendation that the treatment of ill-
ness be suspended. They do suggest a seemly humility both among those of us who
practice medicine and those in the scientific community who provide the informa-
tion on which those of us who have practiced medicine claim to have based our
recommendations.

Medical practitioners should and will continue to adapt the information made
available by science to improve their treatment of patients. Scientists using the
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experimental method and drawing compelling conclusions from their data will con-
tinue to add to the body of definitive information on which medical practicitoners
can draw. This volume concentrates on the solid scientific studies of neurochemi-
cal mechanisms. It leaves to clinical textbooks the discussion of the classification
(nosology) of diseases and the discussion of biological abnormalities in those often
vaguely defined illnesses, as well as discussions of the interventions now believed
to be appropriate.
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Molecular Mechanisms of Neuronal Death

Elena M. Ribe, Lianna Heidt, Nike Beaubier, and Carol M. Troy

Abstract Cellular homeostasis, maintenance of the balance of life and death at the
cellular level, is essential for tissue integrity from development through senescence.
During development of the nervous system programmmed cell death is responsi-
ble for establishing the number of neurons and shaping the nervous system. After
development the majority of the postmitotic neurons should live for the life of
the organism. Aberrant neuronal death occurs in neurodegenerative diseases and
there is still no clear understanding of the mechanisms involved. In this chapter we
discuss the molecules and pathways that regulate the life and death of cells and illus-
trate how these pathways are potentially involved in neurodegenerative diseases. By
understanding the molecular mechanisms that regulate cell death we can then begin
to identify which pathways are dysregulated in neurodegenerative diseases.

Keywords Neuron death - Caspase - IAP - Smac/DIABLO - TNF - Fas - PIDD -
RAIDD - Neurodegenerative disease

Contents

1 Introduction . . . . . . ... Lo oL 18

2 Caspases: Key Players in Apoptosis . . . . . . . . . . . . ..o .o 19
2.1 Caspase Activation . . . . . . . . . ... e e e e e 20
2.2 Mechanisms of Activation . . . . . . . . .. ..o Lo o L. 20
2.3 The Apoptosome . . . . . . . . . ..o e e e e e 21
24 TheDISC . . . . . . o e 21
2.5 ThePIDDosome . . . . . . . . . ..o 22
2.6 ThelInflammasome . . . . . . . . ... ... ... ... 23

3 Apoptotic Routes: Intrinsic and Extrinsic Pathways . . . . . . . . . . . .. .. 23
3.1  The Extrinsic or Receptor-Mediated Pathway . . . . . . . . .. . . .. 23

C.M. Troy (=)

Departments of Pathology and Neurology, Taub Center for the Study of Alzheimer’s Disease and
the Aging Brain, Columbia University Medical Center, New York, NY 10032, USA
e-mail: cmt2@columbia.edu

J.P. Blass (ed.), Neurochemical Mechanisms in Disease, 17
Advances in Neurobiology 1, DOI 10.1007/978-1-4419-7104-3_2,
© Springer Science+Business Media, LLC 2011



18 E.M. Ribe et al.

3.2 The Intrinsic Pathway . . . . . . . . . . .. oo o o0 26
4 Natural Inhibitors of Caspase Activity . . . . . . . . . . . . . .. ... ... 28
4.1  The Inhibitor of Apoptosis Proteins . . . . . . . . . ... .. ... .. 28
4.2 Natural Inhibitors of the Inhibitor of Apoptosis Proteins: IAP Antagonists . . 31
43 Phosphorylation . . . . . . . . ... Lo 31
4.4 Nitrosylation . . . . . . . .. Lo Lo e e e e e e 32
S5 ER-Stress . . . ..o e e 32
Crosstalk Between the Intrinsic and Extrinsic Pathways . . . . . . . . . . . .. 33
7  Neurodegenerative Diseases: An Example of Dysregulated Apoptosis . . . . . . 34
7.1  Alzheimer’s Disease (AD) . . . . . . . . . . . .. ... 35
7.2 Amyotrophic Lateral Sclerosis (ALS) . . . . . . . . ... ... .. .. 36
8  Dissecting Death PathwaysinVivo . . . . . . . . .. .. ... .. ... .. 38
References . . . . . . . . . o L e 39

1 Introduction

Cellular homeostasis, that is, the balance of life and death at the cellular level, is
a requirement for maintaining the integrity of tissues from development through
maturity. During development large numbers of superfluous cells are removed by
an active process termed programmed cell death (PCD) (Burek and Oppenheim,
1996). It was through the genetic studies of developmental death in C. elegans that
the genes required for PCD were identified (Hengartner and Horvitz, 1994). These
gene families are highly conserved from C. elegans to humans. Often PCD is used
interchangeably with apoptosis; this is not accurate, as PCD refers specifically to
developmental death. Apoptosis and necrosis were described as morphologically
distinct processes (Kerr et al., 1972). In apoptosis cellular changes include cell
membrane blebbing, cell shrinkage, chromatin condensation, and nuclear fragmen-
tation (Kerr et al., 1972). Eventually the cell disintegrates, generating the so-called
apoptotic bodies that will be engulfed via phagocytosis by nearby cells, thus avoid-
ing an inflammatory response in the surrounding tissue. This lack of inflammatory
response allows apoptosis to occur without damaging neighboring healthy cells. In
contrast, necrosis, in which the cell suffers a major insult leading to rapid swelling,
subsequent rupture of the plasma membrane and release of the intracellular contents
into the surrounding cellular environment causes a strong inflammatory response.
Apoptosis maintains physiological balance and its dysregulation results in patho-
logical conditions, such as neurodegenerative diseases, cancer, and autoimmune
disorders. Another mode of cell death is autophagy, which is characterized by the
formation of large autophagic vacuoles and little inflammation (Levine and Yuan,
2005). Most autophagy does not lead to cell death but is a mechanism by which
intracellular components are recycled (Yoshimori, 2007). Although the classifica-
tion of the different forms of cell death seems to be clear, the boundaries are not
so well defined in vivo and crosstalk can occur (Lockshin and Zakeri, 2004). With
this idea in mind, we discuss the pathways of apoptotic neuronal death that occur in
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acute and chronic pathological conditions such as Alzheimer’s disease, Parkinson’s
disease, Huntington’s disease, stroke/ischemic disease, and motor neuron diseases.

2 Caspases: Key Players in Apoptosis

Caspases are the main proteins involved in the execution of apoptosis (Troy and
Salvesen, 2002). They are a family of cysteine aspartate proteases with a conserved
QACXG motif at the active site. To date, 13 mammalian caspases have been iden-
tified (Lamkanfi et al., 2002). Synthesized as inactive precursors or zymogens, they
can be classified based on their structure, mode of activation, cleavage specificity,
and function. According to their function caspases can be subdivided into three
groups, shown in Fig. 1:
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Fig. 1 Mammalian caspases

(1) Inflammatory caspases: caspase-1, -4, -5, -11, -12, and -14.

(2) Initiator caspases: involved in the apoptotic process. These caspases, also
known as apical caspases, are structurally characterized by the presence of a
long prodomain at the N-terminal region containing different protein—protein
interaction motifs such as death effector domain (DED) found in caspase-8 and-
10 or caspase recruitment domain (CARD), present in caspase-2 and -9. Via
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these domains, caspases establish homotypic interactions with specific adaptor
molecules.

(3) Effector caspases: this group of proteases cleave cellular substrates during apop-
tosis. Due to their function in the apoptotic paradigm they are also known
as executioner caspases. They are characterized by the presence of short
prodomains. This group contains caspase-3, -6, and -7.

2.1 Caspase Activation

Synthesized as inactive precursors or zymogens, caspases require activation to exe-
cute apoptosis (Nicholson and Thornberry, 1997). Early studies suggested that all
caspases required proteolytic cleavage for their activation and that mature caspases
consisted of large (p18/20) and small (p10/12) subunits arranged in heterotetramers
containing two active sites (Walker et al., 1994). However, work on caspase-9
provided new insight into the mechanisms underlying caspase activation because
it demonstrated that the caspase-9 zymogen could have activity without cleavage
(Stennicke et al., 1999). Thus, the question, “How do caspases become activated?”’
is critical.

2.2 Mechanisms of Activation

2.2.1 Effector Caspases

The common mechanism of activation of effector caspases (caspases-3, -6, and -7)
is through proteolytic cleavage at critical aspartic acid residues (Quan et al., 1996;
Riedl et al., 2001a) shown in Fig. 2. Effector caspases are activated by other
proteases, generally initiator caspases or granzyme B (an aspartate-specific serine
protease), or other effector caspases. This cleavage process has two steps. First,
a molecule of zymogen is cleaved at the linker region generating the p18/20 and
pl0/12 subunits; this structure is partially active. Then, this intermediate interacts
with another heterodimer forming the active caspase. In this regard, cleavage of the
effector caspase is a measure of activation. Once effector caspases become active
they are able to cleave multiple substrates to induce cell death.

2.2.2 Initiator Caspases

Inactive initiator caspases exist as monomers and activation is achieved by
proximity-induced dimerization (Boatright and Salvesen, 2003) shown in Fig. 2.
Adaptor proteins, which interact with the prodomains of the caspases, bring the
caspase molecules into proximity. When initiator caspases dimerize, they undergo
conformational changes that result in an active enzyme without a requirement for
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Fig. 2 Caspase activation

cleavage. Thus, cleavage cannot be used as a measure of activation when study-
ing initiator caspases. Because caspase-9 is an initiator caspase that does not
require cleavage for its activation, some studies have used the cleavage of caspase-
3 as a surrogate measure for caspase-9 activation. However, caspase-8 can also
cleave caspase-3. Thus, caspase-3 cleavage/activity is not a specific measurement
of caspase-9 activation.

2.3 The Apoptosome

The most widely studied model is caspase-9 activation. Release of cytochrome
¢ from the mitochondria into the cytosol promotes the assembly of the apopto-
some, a complex composed of cytochrome c, Apaf-1 (Apoptosis protease-activating
factor-1), and caspase-9. The presence of Apaf-1, which is the specific adaptor for
caspase-9, recruits procaspase-9 to the apoptosome resulting in caspase-9 activation
(Bao and Shi, 2007; Riedl and Salvesen, 2007).

2.4 The DISC

A similar process occurs for caspase-8 activation. In this case, oligomerization of the
death adaptor protein Fas-Associated Death Domain (FADD) recruits procaspase-8
into the death-inducing signalling complex (DISC) allowing caspase-8 dimerization
and subsequent activation (Shi, 2006).
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2.5 The PIDDosome

An activating complex has also been identified for caspase-2, containing RAIDD
(RIP-associated ICH-1/CED-3 homologous protein with a death domain), the spe-
cific death adaptor for caspase-2, and PIDD (p53-induced protein with a death
domain) (Tinel and Tschopp, 2004; Park et al., 2007). This complex, termed the
PIDDosome, has not been shown to actually mediate caspase-2 dependent death
but rather, overexpression of PIDD can lead to cleavage of caspase-2 which is not
necessarily an indication of activation (Tinel et al., 2007). Overexpression of PIDD
does lead to death that is blocked in RAIDD-null cells (Berube et al., 2005). PIDD
can also complex with RIP1 and NEMO and induce activation of NFkB, suggesting
a dual function for PIDD in the regulation of survival and death (Janssens et al.,
2005). Caspase-2 has been shown to be critical for both trophic factor deprivation
and p-amyloid mediated neuronal death (Troy et al., 2000, 2001), shown in Fig. 3
and RAIDD is required for execution of trophic factor deprivation mediated death
(Wang et al., 2006).

Once dimerized in the activating complexes there is often autocleavage of the
caspase which, for caspase-2 and -8, has been shown to enhance caspase activity
(Chang et al., 2003; Baliga et al., 2004). As death proceeds and effector caspases are
activated there is subsequent cleavage of initiator caspases. This cleavage may lead
to further enhancement of caspase activity, as in the case of caspase-9 where the ini-
tial autocleavage of caspase-9 to the p37 fragment allows XIAP to bind and inhibit
activity, and the subsequent cleavage by caspase-3 to the p35 fragment relieves the
XIAP inhibition thus enhancing caspase-9 activity (Denault et al., 2007).

Caspase-2 and PIDD Signaling Pathways
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Fig. 3 Caspase-2 activation and PIDD signaling pathways
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2.6 The Inflammasome

The activation of the inflammatory caspases uses a mechanism resembling that of
the initiator caspases. The presence of a complex, known as the inflammasome
(Martinon et al., 2002), is required for activation of this set of proteases. The
recruitment of caspases into this complex results in their activation. For caspase-
1, the adaptor ASC (apoptosis-associated specklike protein containing a CARD)
is critical in inflammasome formation in response to a variety of stimuli, whereas
involvement of the adaptors Ipaf (ICE-protease-activating factor) and NALP3 is
stimulus-dependent (Mariathasan, 2007).

3 Apoptotic Routes: Intrinsic and Extrinsic Pathways

Cells undergoing apoptosis take one of two major pathways: the death receptor
(extrinsic) pathway, or the mitochondrial (intrinsic) pathway. Once the cell is dead,
the cellular contents form the apoptotic bodies, which are cleared by phagocytosis
in a process involving neighboring cells and/or macrophages. This intricate process
is tightly regulated so that there is a fine balance between prosurvival and prodeath
signals for each route in the apoptotic pathway.

3.1 The Extrinsic or Receptor-Mediated Pathway

The extrinsic or receptor-mediated pathway is activated when a death ligand binds
to its specific receptor on the cell membrane surface. The main death receptors are
all members of the tumor necrosis factor (TNF) superfamily of receptors, which
includes TNFR, Fas, p75, and TRAIL. All these receptors are characterized by
the presence of domains rich in cysteine, which mediate the binding between lig-
and and receptor. The receptors are synthesized as transmembrane homotrimers
and when they bind to their specific death ligand a DISC is formed. This com-
plex recruits death domain (DD)-containing adaptor proteins that interact with and
recruit procaspase-8, leading to caspase-8 activation. Caspase-8 activation results in
the cleavage and activation of downstream effector caspases which in turn cleave a
plethora of substrates, ultimately leading to cell death. Caspase-10, present only in
humans, is also activated in this way.

3.1.1 TNF Pathway

TNF is a proinflammatory cytokine produced mainly by macrophages. There are
two main types of receptors, TNF-R1 and TNF-R2. TNF-R2 is primarily found
in the immune system and is activated by membrane-bound TNF (Wajant et al.,
2003). However, TNF-R1, which is ubiquitously expressed, can be activated by
both membrane-bound and soluble TNF. When TNF binds to the TNF recep-
tor, TRADD (TNFRSF1A-associated via the death domain) is able to establish
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homophilic interaction with the DD of the TNF receptor (Hsu et al., 1995),
shown in Fig. 4. The binding of TRADD to the TNF receptor—ligand complex
facilitates the subsequent binding of TRAF2 (TNF receptor-associated factor 2)
and RIP1 (receptor-interacting kinase-1), a DD-containing serine threonine
kinase.

When TRAF2 and RIP1 bind to the complex, two sequential pathways are acti-
vated: the NFkB pathway and the activated caspase-8 pathway. In the first step of the
NFkB pathway, TNF activates the IkBa pathway in a process that depends on the
degradation of the inhibitor IkB by the proteasome. The Ikk complex (IkB kinase)
mediates the phosphorylation of the inhibitor IkB. The Ikk complex is formed by
two related IkB kinases, IkBa and IkBf, and NF«B essential modulator (NEMO),
a regulatory protein also known as IkBy. The roles of TRAF2 and RIP in the Ikk
complex are recruitment and stabilization, respectively (Devin et al., 2003).

In nonstimulated cells, the Ikk complex remains inactive in the cytoplasm
because of the binding of the IkB inhibitor. However, when the complex is recruited
to the TNF receptor it becomes active and it is able to phosphorylate the IkB
inhibitor which is in turn degraded via the proteasome (Aggarwal, 2003). The degra-
dation of the inhibitor frees the NFkB complex to translocate to the nucleus where
it activates transcription of several genes, including XIAP, c-IAP1, and c-IAP2
(Stehlik et al., 1998; Wajant, 2003).

Thus, TNF induces a strong prosurvival signal secondary to NFkB activation.
This is the main difference between TNF and Fas or TRAIL, which only medi-
ate apoptosis. TNF can have cytotoxic effects, but only when NFkB activation is
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inhibited. In the second (caspase-8) part of the pathway, TRADD, which is bound
to the TNF receptor, acts as a platform allowing the complex to interact with Fas-
associated death domain (Yeh et al., 1998; Thorburn, 2004). Once FADD is bound
to the complex, it recruits caspase-8 to form a cytoplasmic DISC protein com-
plex that finally ends with the death of the cell (Micheau and Tschopp, 2003).
The TNF receptor can also mediate an alternative pathway through the recruit-
ment of RAIDD, which facilitates the binding of RIP1, establishing homophilic
interactions via the DD found in both proteins (Duan and Dixit, 1997). This inter-
action mediates the recruitment of caspase-2 which in turn leads to apoptosis (Kim
et al., 2000). A complex of caspase-2 with TRAF2 and RIP1 has been found that
induces NFkB activation independent of caspase-2 enzymatic activity (Lamkanfi
et al., 2005).

3.1.2 FAS Pathway

Fas plays a key role in the regulation of apoptosis. The Fas—Fas ligand (FasL)
interaction has a special relevance because the initial characterization of the DISC
formation was discovered while studying this interaction (Kischkel et al., 1995).
When Fas ligand binds to its receptor, Fas, also known as CD95, a structural change
takes place facilitating the trimerization of the receptor, which then mediates the
recruitment of DD-containing proteins, in this case, FADD. FADD is a molecule
with a double nature because it not only contains a DD but also a DED through
which it establishes interactions with procaspase-8 (Chinnaiyan et al., 1995). Once
procaspase-8 is recruited into the DISC complex, it is autoproteolytically pro-
cessed by proximity-induced dimerization, which enhances the enzymatic activity
(Fig. 5). Another study shows that the DISC complex can also contain caspase-10
but that caspase-10 cannot completely replace the caspase-8 function in apoptosis
(Sprick et al., 2002). It appears that caspase-8 and -10 may have some nonredundant
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functions. People lacking caspase-10 can develop autoimmunolymphoproliferative
syndrome II (Rieux-Laucat et al., 2003).

Modulators of caspase-8 dependent apoptosis, specifically FLIP, have also been
identified in the DISC. FLIP is synthesized in two isoforms, short and long. Both
have DEDs in tandem and high homology to the N-terminus of caspase-8 (Irmler
et al., 1997). When FLIP is recruited into the DISC, it disrupts the complex and acts
as an inhibitor of caspase-8 so that caspase-8 cannot become active. This prevents
the cell from undergoing apoptosis. However, FLIP can also activate caspase-8 and
caspase-10 by forming heterodimers (Boatright et al., 2004).

3.1.3 TRAIL Pathway

Although its physiological role is not completely understood, TRAIL plays a role in
apoptosis in blood cells and in the immune system (Thomas and Hersey, 1998). Five
TRAIL receptors have been described, which can be divided in two groups: death-
inducing receptors and death-inhibitory receptors. As their own names indicate,
the first group is actively involved in the apoptotic response and the second group
has a defective cytoplasmic DD so they function as competitive inhibitors when
they bind to TRAIL. The cascade involving TRAIL is similar to the one induced
by Fas. TRAIL binds to its receptor initiating DISC formation and recruitment of
caspases-8 and -10 and FLIP. DISC formation generates the active conformation
of caspase-8 which in turn activates caspase-3 resulting in cell death. Although
there can be an interconnection between this main pathway and the NF«B path-
way, TRAIL is a weak inducer of the latter. As with the TNF receptor-mediated
pathway, the activation of NFkB is mediated by RIP1 and TRAF2 (Lin et al.,
2000). However, the prosurvival signal is completely masked by the strong apoptotic
response.

3.2 The Intrinsic Pathway

The intrinsic pathway is the death pathway followed when apoptosis is triggered by
death signals generated inside the cell (Fig. 6). In this pathway, mitochondria are the
key players, controlling the cell status based on which molecules are released from
the mitochondria into the cytoplasm. Because release of molecules from the mito-
chondria depends on the integrity of the mitochondrial membranes, mitochondrial
membrane permeabilization has a key role in the origin and progression of the intrin-
sic pathway. The Bcl-2 family controls the regulation of mitochondrial permeability
(Green and Amarante-Mendes, 1998; Green and Kroemer, 2004). This family is
characterized structurally by the presence of the Bcl-2 homology (BH) domain.
Family members such as Bcl-2, Bel-X1, or Bel-w can have antiapoptotic effects
and contain 4 BH domains (BH1, 2, 3, 4) and a transmembrane domain.

Other proteins from the Bcl-2 family are proapoptotic. The proapoptotic group
is subclassified into BH3-only proteins (Bid), BH3-only with a transmembrane
domain (Bad, Bim, Bik, Bmf, Hrk, Nox, or Puma), and multi-BH (BHI1, 2, 3)
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domains with a transmembrane domain (Bax, Bak, Bok) (Adams and Cory, 1998).
The BH3-only proteins trigger apoptosis induced by the lack of trophic support or
intracellular damage and thus work as damage sensors in the cell (Cheng et al.,
2001). Bcl-2, the prototype family member, is found in perinuclear membranes,
mitochondria, and endoplasmic reticulum (Korsmeyer et al., 1995). It has impor-
tant functions in controlling both calcium and mitochondrial membrane homeostasis
(Danial and Korsmeyer, 2004).

Following intracellular damage, members of the Bcl-2 family undergo oligomer-
ization and attach to the outer mitochondrial membrane. A good example is the case
of Bax and Bak. In healthy cells, Bax is present as a monomer in the cytoplasm
but during the apoptotic cascade, it oligomerizes and translocates to the outer mito-
chondrial membrane. Bak localization seems to be mitochondrial, even in healthy
cells, but undergoes conformational changes during apoptosis leading to its aggre-
gation (Danial and Korsmeyer, 2004). Once these proteins are inserted into the outer
mitochondrial membrane and become oligomerized, the mitochondrial membrane is
disrupted releasing intermembrane proteins, such as cytochrome c, into the cytosol,
which compromises cell viability. The involvement of cytochrome c in the apop-
totic cascade was initially surprising because cytochrome c is known as an essential
component of the respiratory chain. Thus, cytochrome ¢ has a dual role. It promotes
the generation of ATP and cell viability while inside the mitochondria, and, when
outside the mitochondrial space in the cytosol it promotes cell death. Cytochrome ¢
is found in the mitochondrial interspace and its release is controlled by members of
the Bcl-2 family (Green and Amarante-Mendes, 1998; Chipuk et al., 2006). In this
context, the antiapoptotic Bcl-2 family members, Bcl-2 and Bcel-XL, will prevent
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the release of cytochrome ¢ whereas the proapoptotic family members, Bax, Bak,
and Bid mediate its release (Kluck et al., 1997; Jurgensmeier et al., 1998; Luo et al.,
2005).

The exact mechanism mediating cytochrome c release is still not fully under-
stood. In general, it is believed that a change in the mitochondrial permeability pre-
cedes cytochrome c release. However, caspase activation and cytochrome c release
can occur before detecting any mitochondrial alteration (Green and Amarante-
Mendes, 1998). Because caspases can induce cytochrome c release, it also seems
possible that a small initial leakage of cytochrome ¢ could cause caspase activation,
which in turn would promote the massive release of cytochrome ¢ from the mito-
chondria. Either way, once cytochrome c is released into the cytoplasm it binds
to Apaf-1, which is the mammalian homologue of the C. elegans CED-4 (Zou
et al., 1997). Apaf-1 contains a CARD domain at its N-terminus that interacts with
the CARD domain of procaspase-9 (Li et al., 1997). Apaf-1 interacts with dATP
and cytochrome ¢ and undergoes a conformational change forming a heptamer of
APAF-1 molecules that can then complex with pro-caspase-9 (Zou et al., 1999).

This multimeric complex formed by dATP, cytochrome c, Apaf-1, and
procaspase-9 is called the apoptosome. The recruitment of procaspase-9 via Apaf-
1 into the apoptosome allows the activation of caspase-9 by proximity-induced
dimerization. The active caspase-9 is now able to cleave downstream effector
caspase-3, -6, and-7, which then cleave myriad cellular substrates involved in DNA
metabolism, cytoskeletal and structural proteins, and regulators of the cell cycle, all
of which compromise cell integrity and lead to cell death when disrupted (Li et al.,
1997). However, cytochrome c is not the only molecule released from mitochondria
during the execution of the intrinsic pathway. Smac/Diablo is also released from
mitochondria into the cytoplasmic space where it binds to the BIR3 of XIAP, acts
as an IAP antagonist and ultimately leads to the activation of caspase-9 and -3 (Chai
et al., 2000; Verhagen et al., 2000). Omi/HtrA2 is also released from mitochondria
during apoptosis and although it functions, as does Smac/DIABLO, as a competi-
tive inhibitor of the IAPs, it seems to be a more potent inhibitor because Omi/HtrA2
not only binds to and inactivates the IAPs but can also proteolytically process them
(Yang et al., 2003). Other pro-apoptotic molecules are released from the mitochon-
dria and although their final consequences are cell disruption and death, these effects
are generally considered to be caspase-independent.

4 Natural Inhibitors of Caspase Activity

4.1 The Inhibitor of Apoptosis Proteins

Caspases kill cells by cleaving a broad spectrum of cellular substrates. To ensure that
the death pathway is not accidentally activated, caspase activity must be carefully
regulated to prevent aberrant caspase activation. Some members of the inhibitor of
apoptosis protein (IAP) family can suppress caspase activity thus avoiding unwanted
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Mammalian IAPs
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Fig. 7 Mammalian IAPs

apoptosis (Prunell and Troy, 2004). IAPs are phylogenetically highly conserved
from c. elegans to mammals. There are eight human genes identified that belong to
the IAP family (Fig. 7) (Deveraux and Reed, 1999): neuronal-apoptosis-inhibitory
protein (NAIP or BIRC1), c-IAP1 (BIRC2), c-IAP2 (BIRC3), XIAP (BIRC4), sur-
vivin (BIRCS), Apollon (BRUCE or BIRC6), melanoma-associated IAP (Livin or
BIRC?7), and hILP-2 (TS-IAP or BIRCS). This family of proteins is characterized
by the baculovirus IAP repeat (BIR) domain. The BIR is a 65-amino-acid domain
with a high cysteine and histidine content.

There are two types of BIR domains (Salvesen and Duckett, 2002). Type I binds
to and inhibits caspases. Type II also binds to caspases, and in addition func-
tions in the cell cycle. The type II BIR domains are found in two mammal IAPs,
survivin (BIRC5) and BIRC6. Most of the IAPs also contain a RING domain at
the carboxy-terminus region which behaves as an E3 ubiquitin ligase. The RING
domain adds ubiquitin residues to target proteins so they will be degraded by the
proteasome. IAP-mediated protein ubiquitination has a crucial role in the regulation
of apoptosis because it can target the IAP itself and also enhance the antiapoptotic
effect by targeting proapoptotic molecules for degradation. In adddition to the RING
domain, c-IAP1 and c-IAP2 also contain a CARD domain located in the C-terminal
region between the RING domain and BIR3. The function of CARD domains in
these two IAPs is not yet known. Usually CARD motifs interact with other CARD-
containing proteins, but the classical location for these protein—protein interactions
is the N-terminus, not the middle of the structure as in the case of the IAPs.

The best-studied IAP is XIAP, which is the most potent IAP. It is an ubiquitously
expressed 56 kDa protein with 3 BIR domains and one RING domain. XIAP has
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been shown to directly bind and inhibit caspase-3, -7, and -9 (Riedl et al., 2001b).
The protein—protein interactions between caspases and IAPs takes place via specific
regions within the IAP structure. XIAP—BIR3 domain interacts with caspase-9 and
XIAP-BIR2-linker binds caspase-3 and -7. Both BIR domains utilize a two-site
binding mechanism to inhibit caspases (Scott et al., 2005). One site has been defined
as the IAP-Binding Motif (IBM)-interacting groove. When caspase-3, -7, and -9 are
cleaved between the large and small subunits, the new small subunit N-terminus is
an IBM. This is an exosite, a functionally important site outside of the active site of
the enzyme. For inhibition of caspase-3 and -7 there is also an active-site directed
interaction, where a stretch of the linker domain of XIAP spans the active site of
the caspase. For caspase-9, the functional inhibitory interaction is via a helix found
right after the BIR3 domain. This interaction monomerizes caspase-9 and collapses
the active site. Because dimerization is essential for caspase-9 activity the enzyme
is inactivated (Shiozaki et al., 2003). XIAP is the most potent IAP with efficiency
100- to 1000-fold higher than the rest of the family members.

c-IAP1 and c-IAP2 are the closest paralogues of XIAP and can also bind to
caspases by the IBM grooves but are relatively poor inhibitors of caspase activ-
ity. The linker region preceding the BIR2 is not a good inhibitor of caspase-3 or -7
(Eckelman and Salvesen, 2006). The BIR3 domains of cIAPs have only one of the
four dimer interface—interacting residues required to inactivate caspase-9 and nei-
ther inhibits caspase-9 (Eckelman et al., 2006). IAPs can also be cleaved by caspases
that may affect their activity. When XIAP is cleaved between BIR2 and BIR3, the
BIR3-RING fragment becomes a more potent inhibitor of caspase-9 activity than
the whole molecule (Deveraux et al., 1999). The N-t cleaved fragment of XIAP
still has the ability to inhibit caspase-3 and-7, but to a much lesser extent than
full-length XTAP.

IAPs have been extensively studied in the context of cancer because of the IAPs’
ability to regulate members of the NFxkB family and because NFkB activation seems
to upregulate expression of IAPs (Stehlik et al., 1998). More recently, IAPs have
been implicated in neurodegenerative diseases. In sympathetic neurons deprived of
trophic factors XIAP inhibits caspase-3 activity (Troy et al., 2001) (Fig. 3). In motor
neurons damaged by sciatic nerve axotomy, there is a significant decrease in the
levels of endogenous XIAP and NAIP (Perrelet et al., 2004). Expression of NAIP is
increased in AD, whereas that of XIAP is decreased. Treatment with glial-derived
neurotrophic factor (GDNF) rescues this effect and promotes motor neuron survival
(Perrelet et al., 2002). Inhibition of XIAP or NAIP blocks the neuroprotective effect
of GDNEF, pointing out a direct effect of IAP activity and motor neuron degeneration.
Similar results have been found in the case of ischemic injury where overexpression
of XIAP reduced the infarct size, the number of cells exhibiting apoptotic pheno-
type, and improved neurological activity (Xu et al., 1999). The fact that IAPs are
endogenous inhibitors of caspase activity makes them a good therapeutic target for
diseases characterized by excessive or premature cell death, such as stroke, AD, PD,
and other neurodegenerative disorders. I[APs may also participate in physiological
regulation of normal nervous system function. XIAP regulates activated caspase-3
in a songbird model of learning (Huesmann and Clayton, 2006).
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4.2 Natural Inhibitors of the Inhibitor of Apoptosis Proteins:
IAP Antagonists

After discovering that IAPs bind to and inhibit caspase activity, several stud-
ies focused on the isolation of endogenous regulators of IAP activity (Crook
et al., 1993; Birnbaum et al., 1994). The first molecule identified was the sec-
ond mitochondria-derived activator of caspases (Smac), also known as DIABLO,
an IAP binding protein that in healthy cells is found in mitochondria (Du et al.,
2000; Verhagen et al., 2000). This protein contains 239 amino acids. After stimu-
lation, Smac/DIABLO translocates from the mitochondria to the cytosol where it
binds to and blocks XITAP activity. This binding is associated with four hydrophobic
residues, Ala-Val-Pro-Ile, at the Smac/DIABLO N-terminus which form the IAP-
binding motif (Shi, 2002). Smac/DIABLO binds to the BIR3 domain of XIAP at the
same site as caspase-9 (Liu et al., 2000; Wu et al., 2000). Therefore, the interaction
of Smac/DIABLO with XIAP displaces caspase-9, thus abrogating the inhibitory
effect of XIAP on caspase-9 activity.

Smac/DIABLO is not the only regulator of IAP activity. Several studies in mam-
malian cells have demonstrated the presence of additional molecules that suppress
IAP activity in a similar fashion to Smac/DIABLO. The best-studied example is
Omi/HtrA2 (Suzuki et al., 2001; Hegde et al., 2002; Martins et al., 2002; van
Loo et al., 2002). This protein exhibits, as does Smac/DIABLO, mitochondrial
localization with cytoplasmic release upon stimulation.

Apart from [APs, there are several nonmammalian regulators of caspases, which
are active-site specific inhibitors (Callus and Vaux, 2007). One example is a serpin
from the cowpox virus, cytokine response modifier A (crmA). CrmA forms a cova-
lent complex with the initiator caspase-1 and -8 resulting in irreversible inhibition
of these caspases. It also inhibits caspase-6 but less efficiently (Dobo et al., 2006).
The baculoviral protein p35 is a broad spectrum caspase inhibitor that irreversibly
inactivates caspases (Bump et al., 1995; Fisher et al., 1999).

4.3 Phosphorylation

Phosphorylation is the major form of posttranslational modification. It is important
to note that caspase activity differs from caspase activation. Activation refers to the
conformational changes that rearrange the caspase molecule leading to the active
enzyme. Caspase activity is defined as the ability of a caspase to cleave substrates.
Caspase phosphorylation is able to modulate caspase activity. A clear example is the
case of human caspase-9 which can be phosphorylated at a consensus sequence by
Akt, a serine-threonine kinase implicated in apoptosis suppression (Cardone et al.,
1998). Caspase-9 phosphorylation by Akt induces a modification in the caspase
structure rendering it unable to form the tetramer required for activity. There is also
evidence that phosphorylation may regulate caspase-2 activity (Nutt et al., 2005;
Shin et al., 2005).
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4.4 Nitrosylation

Caspases can also be modified by nitrosylation. S-nitrosylation of the active site
cysteine has been shown to inactivate multiple caspases (Mannick et al., 2001). The
physiological relevance of this mechanism is not yet fully understood.

5 ER-Stress

Although mitochondria are the main organelles involved in the intrinsic apoptotic
pathway, the endoplasmic reticulum (ER) also plays an important role. The ER is
the biggest intracellular reservoir of Ca>* and Ca®* functions as a second messenger
interconnecting the mitochondrial pathway with the ER. When a small amount of
cytochrome c is released from the mitochondria into the cytosol, there is uptake by
the ER which in turn responds by releasing Ca>*. This Ca* in turn disrupts the rest-
ing mitochondrial membrane potential and causes a massive release of cytochrome
¢ that activates caspases and leads to cell death. This apoptotic activation via Ca>*
efflux from the ER seems to be important in disorders such as AD and stroke (Rao
et al., 2004).

The main function of the ER is to ensure that only those proteins folded prop-
erly will be transported through the multivesicular secretory pathway. This property
is extremely important in the case of neurodegenerative diseases because most are
characterized by the presence of inclusion bodies formed from aberrantly folded
protein. Amyloid plaques (3-amyloid aggregates) and neurofibrillary tangles (intra-
cellular inclusions of hyperphosphorylated tau) are the sine qua non of Alzheimer’s
disease (AD), as are Lewy bodies (a-synuclein inclusions) in Parkinson’s dis-
ease (PD), Pick’s bodies (tau inclusions) in frontotemporal lobar degeneration, and
Hirano bodies, cytoplasmatic protein aggregates of actin and actin-associated pro-
teins, which are present in several neurodegenerative disorders such as AD and
Creutzfeldt—Jacob disease. When the ER is damaged it cannot correctly regulate the
accumulation of unfolded or misfolded proteins. This leads to a reduction in pro-
tein synthesis to prevent accumulation and activation of the chaperones that reside
in the ER so they can contribute to the proper folding of newly synthesised pro-
teins. There is also an increase in the degradation rate (Breckenridge et al., 2003).
However, if these compensatory changes are inadequate, cell integrity will become
compromised, leading to death.

Increasing evidence suggests that members of the Bcl-2 family may act not only
at the mitochondrial levels but also at the ER level. There is work that suggests
that Bak and Bax are involved in controlling Ca** homeostasis in the ER because
double knock-out mice for Bax and Bak exhibit impaired Ca** efflux from the ER
and uptake by the mitochondria; this is correlated with low levels of apoptotic cell
death (Nutt et al., 2002b, a). The relevance of these data to human neurodegenerative
disorders is not yet clear because so far only caspase-12 has been reported to become
activated after ER stress-induced apoptosis. There is evidence showing that both Bax
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and Bak are required in order to activate caspase-12 (Scorrano et al., 2003; Zong
et al., 2003). In this context, both Bcl-2 family members would promote Ca?* efflux
from the ER, which in turn would permeabilize the outer mitochondrial membrane.
Caspase-12 would then be released from the ER into cytosolic space. However, these
studies were done in rodents, and there is no evidence that the caspase-12 protein
is expressed in humans, although several studies suggest that human caspase-4 may
have redundant functions with rodent caspase-12 (Hitomi et al., 2004).

6 Crosstalk Between the Intrinsic and Extrinsic Pathways

Although apoptosis proceeds through two major pathways in the cell that are ini-
tiated through the activation of different caspases forming different multimeric
complexes, both pathways converge on the activation of downstream caspases
(Danial and Korsmeyer, 2004). TRAIL employs the extrinsic pathway for trig-
gering apoptosis, but there is also involvement of the mitochondrial pathway. In
this paradigm, Smac/DIABLO is released from mitochondria, which block the
inhibitory effect of XIAP on caspase-3 activity, resulting in the execution of apop-
tosis mediated by TRAIL. A similar situation occurs in the case of Fas-mediated
apoptosis.

It is worth mentioning that in death receptor-mediated apoptosis, cells can be
divided into two groups depending on the requirement for mitochondria to induce
a complete apoptotic response. Type I cells do not require the mitochondrial path-
way because the recruitment of procaspase-8 into the DISC complex is enough to
fully activate caspase-8 which then activates effector caspases. However, Type II
cells are characterized by an incomplete apoptotic response unless mitochondria are
involved (Scaffidi et al., 1999). In this type of cell, efficient activation of effector
caspases requires the mitochondrial amplification loop (Fig. 5). Caspase-8 cleaves
cytosolic Bid, a BH3-only protein, which when cleaved to tBid is able to translo-
cate to the mitochondria and trigger release of the proapoptotic factors cytochrome
¢ and Smac/DIABLO (Li et al., 1998; Deng et al., 2002). The release of cytochrome
c triggers apoptosome formation, subsequent caspase-9 activation, and finally the
activation of effector caspases such as caspase-3.

Another positive feedback loop is established after DISC formation because this
complex allows caspase-8 autoactivation which in turn cleaves downstream effector
caspase-3. The cleavage of one caspase by another must be examined in relation
to the timing of the ongoing cellular events in order to understand the relevance of
these events. That is, as death proceeds, there is activation of initiator caspases—no
cleavage necessary—Ileading to activation by cleavage of effector caspases. Once
activated, the effector caspases may cleave initiator caspases, but this event is not
necessary for activity of initiator caspases and may even decrease activity under
certain conditions. Thus, as our knowledge of caspase activation increases, the prior
assumptions about caspase cascades must be re-evaluated.
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7 Neurodegenerative Diseases:
An Example of Dysregulated Apoptosis

Because neurons are not normally replaced during the lifespan of an organism, they
must possess very robust antiapoptotic mechanisms. If premature death of neurons
does occur, it leads to irreversible neurodegenerative diseases. Important examples
are Alzheimer’s disease, Parkinson’s disease, Huntington’s disease (HD), and amy-
otrophic lateral sclerosis (ALS), all of which are characterized by the loss of neurons
and the inability of the remaining ones to repopulate depleted areas of the brain.
There is still debate about the mechanisms leading to neuronal death in these dis-
eases, however, evidence is mounting that apoptosis is the major pathway (Jellinger
and Stadelmann, 2001; Ayala-Grosso et al., 2002; Ugolini et al., 2003; Cribbs et al.,
2004; Kermer et al., 2004). But the possibility that the apoptotic pathway coexists
with necrosis cannot be excluded (Yuan et al., 2003). A major criticism of the apop-
totic neuronal death hypothesis in neurodegenerative diseases is that most of the
studies carried out in postmortem human tissue fail to show a significant number of
neurons exhibiting the typical apoptotic phenotype. However, considering that the
period of time required for neurons to die is on the order of a few hours and that
brains from the end-stage of disease were losing neurons for decades, it actually
seems reasonable that only a small number of neurons would be found to exhibit the
morphological hallmarks of apoptotic death at any given time point.

Many reports correlate the increased expression of caspases and the presence of
cleaved caspases with certain types of degenerative diseases but the causal link has
not been shown. For example, the increased expression of caspase-1, -2, -3, -5, -6,
-7, -8, and -9 have been reported in AD (Chan and Mattson, 1999; LeBlanc et al.,
1999; Lu et al., 2000; Pompl et al., 2003), caspases-3, -8 and -9 in PD (Anglade
etal., 1997), caspases-1 and -3 in ALS (Pasinelli et al., 1998), and caspases-1 and -8
in HD (Sanchez et al., 1999). Altered expression levels of receptors and death lig-
ands suggest a role for death pathways in these disorders. It has been reported that
an increase in Fas expression may be harmful to both neurons and glia, and has
been associated with neurodegeneration in diseases such as AD, PD, ALS, and HD
(Barone and Parsons, 2000; Ugolini et al., 2003).

Following a similar trend, an up-regulation in the expression levels of TNF recep-
tors has been associated not only with those diseases already mentioned, but also
with prion disease and ischemic brain injury. It is not simply the change in the
expression levels of death ligands or receptors that is leading to increased apop-
tosis in these disorders. In certain cases, such as HD, spinocerebellar ataxia, and
spinal muscular atrophy, the polyQ expansions introduced into the protein as a result
of unstable CAG repeats in the target genes have a tendency to aggregate, form-
ing proteinaceous inclusions in the nuclei of the affected cells ultimately leading
to apoptosis (Martin et al., 1999). In these cases, the polyQ repeats are trigger-
ing ER stress because the aggregated proteins cannot be properly degraded. It has
also has been reported that these aggregates can bind to procaspase-8 and that this
binding leads to caspase-8 activation and subsequent cell death (Sanchez et al.,
1999). Due to the increasing life expectancy in developed nations, the incidence
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of neurodegenerative diseases of aging is increasing exponentially. Because AD is
the primary cause of dementia among the elderly population and ALS is the most
common adult onset disorder of motor neurons, we take a global overview of the
molecular mechanisms leading to neuronal cell death in both diseases.

7.1 Alzheimer’s Disease (AD)

Alzheimer’s disease is characterized by two main histopathological hallmarks,
senile plaques, which are extracellular accumulations of amyloid beta peptide (Af),
and neurofibrillary tangles (NFT), which are intracellular inclusions of hyperphos-
phorylated tau protein. Accompanying these features is a profound synaptic and
neuronal loss in specific vulnerable brain regions including the hippocampus and
entorhinal cortex (Terry et al., 1981; Small et al., 1997). Although the pathogene-
sis of AD is still being debated, it is generally agreed that AP peptide, especially
the longer 42 amino acid isoform, which is generated by proteolytic cleavage from
the amyloid precursor protein (APP), is the key player in the etiopathology of AD
(Hardy and Selkoe, 2002). Because the amyloid hypothesis states that the Ap pep-
tide is highly neurotoxic, both NFT and neuronal death are considered secondary
elements caused by an imbalance between AP production and clearance (Hardy and
Higgins, 1992). This hypothesis has been revised because it originally postulated
that the most toxic species were the fibrillar peptides, but new evidence suggests
that the soluble oligomeric species may play a more critical role in the pathogenesis
and/or progression of the disease inasmuch as they are able to block basal synaptic
transmission, alter hippocampal long-term potentiation (LTP), and mediate neuronal
death (Lannfelt et al., 1995; Larson et al., 1999; Walsh et al., 2002; Walsh and
Selkoe, 2007).

Multiple studies have shown that several caspases are involved in AB-induced
neuronal cell death (Gervais et al., 1999; Troy et al., 2000; Allen et al., 2001).
Experimental evidence shows that the cytoplasmic tail of APP is cleaved by
caspases-3, -6, -7, and -8, and that senile plaques as well as degenerating neu-
rons are enriched in caspase-cleaved APP (Gervais et al., 1999; Zhang et al., 2000).
Moreover, both mitochondrial and ER dysfunction play an essential role in mediat-
ing cell death induced by A peptides (Pereira et al., 1999). Neurons from caspase-2
null and caspase-12 null mice are resistant to Af-mediated neuronal cell death
(Nakagawa et al., 2000; Troy et al., 2000). Caspase-2 may be involved in mitochon-
drial permeabilization whereas caspase-12 acts at the level of the ER (Nakagawa
et al., 2000; Zhang et al., 2005).

Recent data suggest that the link between amyloid pathology and NFT degener-
ation may reside at the level of caspases because AB can promote the pathological
assembly of tau filaments in vitro by triggering the activation of caspases that
can cleave tau and contribute to the filament polymerization (Gamblin et al.,
2003; Rissman et al., 2004; Cotman et al., 2005). A accumulation also triggers
caspase activation through disruption of the secretory pathway, thus generating
ER stress. Caspase activation at this level also cleaves tau, which precedes tau
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hyperphosphorylation, and seems to be an early event in AD tau pathology (Guo
et al., 2004; Rissman et al., 2004). The accumulation of A can disrupt proteaso-
mal degradation and lead to activation of caspases (Blandini et al., 2006) which in
turn are able to cleave tau, thus contributing to the formation of the NFTs (Chung
et al., 2001; Gamblin et al., 2003; Rissman et al., 2004). Moreover, experimental
data suggest that when caspases are activated, proteosomal degradation is inhibited
in order to fully activate the apoptotic cascade, which provides an amplification
loop leading unequivocally to the death of the cell (Sun et al., 2004). In addition,
APP and AP can activate kinases (GSK-3p, SAPK/JNK, p38) that directly phos-
phorylate tau at certain residues contributing to tau hyperphosphorylation (Kins
et al., 2003; Ferrer et al., 2005). In this context, the proteolytic cleavage of tau
provides the link between AP and tau pathology. However, it is still unknown
whether tau processing is required and causal for neurodegeneration, or is a sec-
ondary event related to caspase activation in the degenerating cells. In conclusion,
multiple mechanisms coexist in the cell, which, when dysregulated, lead to neuronal
degeneration.

7.2 Amyotrophic Lateral Sclerosis (ALS)

Amyotrophic lateral sclerosis is the most prevalent adult onset motor neuron disor-
der. The hallmark histophatological feature is the progressive loss of upper motor
neurons in the motor cortex and lower motor neurons in both the spinal cord and
brain stem, first described by Charcot in 1869. Accompanying the cell loss are intra-
cellular inclusions of ubiquitinated proteins and strong reactivity to neurofilament
markers in the axons (Ince et al., 1998). This is a multifactorial disorder with a
diversity of etiologic mechanisms, such as genetic factors, protein aggregation, and
oxidative stress, all contributing to the progression of the disease as well as cell
death of the injured motor neurons via apoptotic routes.

Although the vast majority of ALS is sporadic, a small subset of familial ALS
has been well studied. About 20% of the autosomal dominant familial cases have
mutations in superoxide dismutase 1 (SOD1) (Rosen et al., 1993). Although other
causal gene mutations have been identified in ALS, ALS 2 or alsin, ALS 4 or sen-
ataxin, and ALS 8 or VAPB, more than 100 mutations have been identified in the
SOD1 gene and SOD1 mutations are the most prevalent familial form of the disease
(Andersen et al., 2003). SODI is a 153 amino-acid-free radical scavenger whose
function is to transform superoxide free radicals into hydrogen peroxide. SOD1 is a
highly expressed protein representing about the 1% of total brain protein. The reason
why motor neurons are susceptible to damage in the presence of SOD1 mutations
remains unclear. It is thought that mutations in SOD1 do not generate a loss of
function, but on the contrary, may be toxic gain of function mutations. Very recent
work suggests that, although the motor neurons are more susceptible to death, the
presence of mutant SOD1 in the astrocytes induces death of motor neurons that
contain wild-type or mutant SOD1 (Di Giorgio et al., 2007; Nagai et al., 2007).
There has been enormous interest in understanding the role of oxidative stress in
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ALS because SOD1 encodes for an antioxidant enzyme. Although the relevance
of oxidative stress is not fully understood, it is believed that mutations in SOD1
promote a structural change that allows a higher rate of interaction between the
substrates and the active site of the enzyme, resulting in increased production of
free radical species. However, there are not sufficient experimental data supporting
this hypothesis because if SOD1 mutants cause peroxynitrite-dependent cell death
in vitro, it would be expected that reduction in the levels of peroxynitrite by inhi-
bition of neuronal nitric oxide synthase (nNOS) would improve the motor neuron
outcomes. However, these experiments did not show a decrease in motor neuron
damage (Facchinetti et al., 1999; Upton-Rice et al., 1999; Son et al., 2001).

Another possible event leading to ALS is mitochondrial dysfunction (Albers and
Beal, 2000; Menzies et al., 2002). Again, several properties converge at this level
because mitochondria are able to maintain Ca>* homeostasis and are the source
of intracellular ATP. Mitochondria generate intracellular free radicals and can also
play a key role as mediators of the apoptotic pathway. Mitochondrial dysfunction
has been reported in vitro as well as in vivo. Expression of mutant SOD1 (G93A)
in a motor neuron cell line leads to mitochondrial abnormalities, not only at the
morphological level, but also at the biochemical level, with impaired activity of
complexes II and IV of the respiratory chain leading to the activation of apoptotic
mechanisms and subsequent cell death (Menzies et al., 2002; Takeuchi et al., 2002;
Fukada et al., 2004). In transgenic mice overexpressing mutant SOD1, mitochon-
drial vacuolization in motor neurons has been noted as an early event (Wong and
Strong, 1998). Impaired activity in several complexes of the respiratory chain and
reduced ATP synthesis have also been reported in murine models of the disease
(Jung et al., 2002; Mattiazzi et al., 2002). Moreover, translocation of cytochrome ¢
from mitochondria to the cytosolic space, triggering the apoptotic cascade, is a fea-
ture of these animals (Guegan et al., 2001; Zhu et al., 2002). Following this line of
thought, it has been described that the antiapoptotic protein Bcl-2 can interact with
aggregates of SODI in the spinal cord, thus decreasing the availability of Bcl-2 to
prevent apoptosis (Pasinelli et al., 2004).

Motor neurons can have extremely long axons that travel from the spinal cord
all the way to the target muscle. Preserving the morphology of these axons requires
the presence of structural proteins, such as neurofilaments. Neurofilaments are the
main component of the cytoskeleton in neurons and although their primary role is to
maintain cell shape, they are also involved in axonal transport and influence axonal
caliber. Inclusions of aberrantly assembled neurofilaments, phosphorylated or not,
in the cell bodies and axons of motor neurons is one of the histopathological hall-
marks of ALS (Ince et al., 1998). Transgenic mice carrying SOD1 mutations exhibit
abnormalities in neurofilament organization, as well as intracellular proteinaceous
inclusions, and reduced axonal transport in the ventral root (Tu et al., 1996; Zhang
et al., 1997). Moreover, more than 1% of sporadic ALS cases carry deletions or
expansion in the neurofilament NF-H gene (Meyer and Potter, 1995; Tomkins et al.,
1998).

It is not only NF-H filaments that are involved in the disease. Transgenic
mice overexpressing peripherin, an intermediate filament, develop late onset motor
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neuron degeneration and altered neurofilament assembly (Beaulieu et al., 1999).
This alteration in neurofilament structure, together with misfolded SOD1 proteins,
may lead to cellular stress, mediated mainly by the ER. This altered situation
reduces the ability of the proteasome to mediate protein degradation, thus com-
promising protein turnover in the cell, which in turn affects surrounding organelles,
such as mitochondria, and potentially activates and/or amplifies the apoptotic cas-
cade. Experimental evidence shows that motor neurons die mainly by apoptotic
mechanisms (Martin, 1999; Guegan et al., 2001; Sathasivam et al., 2001). The study
of cellular models of mutant SOD1 overexpression shows that these cells die via
a programmed cell death when exposed to oxidative stress (Cookson and Shaw,
1999). Moreover, the animal models overexpressing mutant SOD1 show an up-
regulation in expression and activation of caspase-1 and -3 in the spinal cord of
symptomatic animals (Li et al., 2000; Vukosavic et al., 2000). Although great strides
have been made in understanding the molecular mechanisms underlying the motor
neuron degeneration in ALS, the complex interplay among genetic factors, altered
axonal transport, oxidative stress, protein aggregation, and mitochondrial dysfunc-
tion make this multifactorial disease a very challenging disorder for therapeutic
intervention.

8 Dissecting Death Pathways in Vivo

The increasing number of transgenic and knock-out murine models available in the
last decade has offered the possibility of studying in vivo those proteins believed
to be associated with certain neurodegenerative disorders. These models provide a
more accurate view than the cellular models in which the microenvironment is abol-
ished. However, the in vivo models must also be interpreted with caution because
the knock-down of certain genes may induce genetic compensation by related fam-
ily members that could mask the effect of the exogenous genes. Overexpression may
be associated with lethality, or can induce artifacts due to the overexpression process
and not due to the introduction of the exogenous gene per se. We also have to keep
in mind the genetic background of the particular mouse because certain mutants can
be lethal on one background but perfectly viable on another. If we take the results
generated by these models with caution, understanding that the models try to mimic
neurodegenerative disorders but are still far from perfectly reproducing the pheno-
type of human diseases, the models can contribute to a better understanding of the
etiopathology of the disease, help untangle molecular mechanisms triggering the
degenerative process, and provide tools for the identification of potential therapeu-
tic targets. The value of culture systems in deciphering mechanisms should not be
underestimated. This is well-illustrated by recent studies of the role of astrocytes
in motor neuron death which showed that astrocytes expressing the mutant SOD1
protein induced death of motor neurons whether or not the neurons expressed the
mutant SOD1(Di Giorgio et al., 2007; Nagai et al., 2007). It is important to remem-
ber that any of the model systems under study are approximations of the diseases
and each have their own advantages and disadvantages as systems of study.
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Abstract The use of animals as models of neurodegenerative disorders has allowed
the determination of biological targets and biomarkers of several diseases, has
yielded new therapeutical perspectives, and is essential before performing novel
clinical assays. This review discusses the nature, use, and limits of animal models
and how to obtain them for several neurodegenerative disorders such as multiple sys-
tem atrophy, amyotrophic lateral sclerosis, and Huntington’s disease, with a special
emphasis on Parkinson’s and Alzheimer’s diseases. When possible, rodent, inverte-
brate and primate models are presented and discussed in relation to human disease.
Finally, we highlight discrepancies between animal models and human neuropathol-
ogy leading to question the pertinence of some of these findings to human disorders
probably because of the wide spectrum of parameters defining a disease. Another
point raised by these studies is the growing necessity to standardize the experimen-
tal procedures used to obtain an animal model, housing and breeding conditions,
assessments of phenotypes investigated and, ultimately the interpretation of results
obtained and their relevance to the pathology.
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1 Introduction

Given the inherent complexity of neuronal systems and the disease process, ani-
mal models have become mandatory in neuroscience research in general and for
understanding the pathogenesis of neurodegenerative diseases in particular. Indeed,
investigation of human pathologies relies mostly on postmortem human brains and
on clinical criteria that neither allow the identification of the causal chains that have
led to a disease nor the biological basis of a given pathology. Thus, animal models of
neurodegenerative disorders have become a widespread laboratory “tool”. Use and
housing of these models require animal facilities dedicated to research purposes and
that are controlled by specific policies, guidelines, and procedures at local, national,
and international levels. Whatever the country and the regulations, the accredita-
tion process is long and difficult to obtain and projects involving animal models are
reviewed on a regular basis to ensure the welfare of the animals, the appropriate-
ness of the species used for a given investigation, the adequacy of the experimental
procedures with the postulated hypothesis, and that a minimal number of animals is
used for a given study.

The use of primates is often dependent on the solidity of previous research
performed in lower species such as rodents (often mice and rats) but also worms
(Caenorhabditis elegans), flies (Drosophila Melanogaster), and zebrafish. Primate
animal models are still an essential step before reaching human clinical research
for obvious and frequently confirmed similarities between the two species, be it
behavioral (large clinical repertoire), anatomical, physiological, or genetic. Major
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constraints of an ethical, practical, and cost nature have limited the use of primates
to a few specialized centers. Thus, mainstream research in neurodegenerative dis-
ease has focused on rodent animal models that were used to better understand the
pathology and the underlying biological mechanisms, develop standardized diag-
noses (biological tests, identification of biomarkers, etc.), and search for potential
new treatments for these diseases. The use of rodent models was also strengthened
given the possibility of performing genetic manipulations to mimic some of the
genetic features of the diseases.

Here, we detail several animal models of neurodegenerative disorders with a spe-
cial focus on the two major ones in humans, namely Parkinson’s and Alzheimer’s
diseases. As detailed in this chapter, some animal models can present sponta-
neous syndromes, often due to analogous mutations with the human disease but are
more generally obtained following toxin injections, physical (mechanical lesions),
or genetic manipulations. Some animal models can mimic the behavioral conse-
quences of a given neurodegenerative disease with drawbacks related to specific
animal behavior that is only remotely related to humans. A disease gene-based
model (also referred to as an “etiological model”) can indeed reproduce the eti-
ology of a genetically determined form of a given disease, although adaptations that
can occur following a genetic manipulation throughout development can be quite
different between the animal and the human. Because manipulation of the mouse
genome has become standardized and available at relatively moderate costs, the use
of genetically altered mice strains to model neurodegenerative disorders has become
increasingly widespread. This use will tend to be generalized following the publica-
tion of the assembled mouse genome sequence (Botcherby, 2002). Transgenic mice
can be generated to overexpress a gene to reproduce a gain of function mutation, to
knock out a gene for a nonexpression mutation, and to mutate a gene to express an
altered protein. Many other variances are available where a gene is silenced during
development only or expressed/knocked-out in a specific brain area, for instance.
These transgenic mice are used to map disease features, determine genetic and
environmental factors that can precipitate disease progression, detail behavioral and
cellular consequences of altering the expression of a disease-related gene, and test
potential therapeutics.

Meticulous gene manipulations have generated a wealth of information regarding
the etiology of pathology, the identification of its biological basis and the behavioral
consequences of such a manipulation. However, increasing concern is raised as to
the adequacy of these animal models to human diseases. Indeed, it is safe to state
early in this book chapter that animal models generated so far fail to reproduce
faithfully the myriad biochemical, cellular, and behavioral changes reported in a
given neurodegenerative disease in humans. The ideal animal model reproducing
all hallmarks of a given neurodegenerative disorder is an unattainable aim, as it is
expected to develop specific and reproducible behavioral symptoms and biological
features related to the disease along with slow onset and selective cell loss. Instead,
an animal model is considered acceptable when it demonstrates its usefulness in
understanding the pathogenesis of a disease, its behavioral, cellular, and molecular
consequences and in exploring potential treatment avenues. This can sometimes
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be achieved even when animal models show striking differences with the human
pathology.

In this line, the general message that can be drawn throughout this review is
that we have reached a point in research using animal models where it has become
a pressing necessity to standardize not only the experimental procedures used to
obtain an animal model, but also the housing and breeding conditions, age and sex of
the animals, qualitative and quantitative assessments of phenotypes investigated and,
ultimately the interpretation of results obtained and their relevance to the pathology.

2 Alzheimer’s Disease (AD)

2.1 The Human Disease

Late-onset Alzheimer’s disease (AD) is the most prevalent subtype of age-related
dementia accounting for 60% of cases of dementia and with a mean prevalence
estimate of 3.4% (Kalaria et al., 2008). If growth in the older population continues,
it is projected that the prevalence of AD will nearly quadruple in the next 50 years,
by which time approximately 1 in 45 individuals will be afflicted with the disease
(Brookmeyer et al., 1998).

In AD, neurodegeneration targets specific brain regions early in its course,
especially cholinergic basal forebrain and medial temporal lobe structures. The
sequential involvement of the posterior cingulated, temporal, and parietal cortical
regions completes the progression of the disease. The neuropathological hall-
marks of AD include massive neuronal cell and synapse loss at specific sites
and the presence of senile plaques and neurofibrillary tangles (NFTs). The senile
plaques are formed from deposits of amyloid-f peptide (AP) that is derived from
the amyloid precursor protein (APP) whereas the NFTs contain hyperphosphory-
lated microtubule-associated protein (MAP) tau. Phosphorylation of both APP and
tau represents a biochemical link between the two characteristic lesions of AD
(Duyckaerts et al., 2008).

Most AD cases occur sporadically (SAD), although inheritance of certain suscep-
tibility genes enhances the risk. In early-onset familial AD (FAD), which accounts
for less than 5% of the total number of AD cases, autosomal dominant mutations
have been identified in three genes: APP, presenilin 1 (PS-1), and presenilin 2
(PS-2), each of which leads to an overabundance of AP (Gotz and Ittner, 2008). The
presenilins are components of the proteolytic y-secretase complex that, together
with B-secretase, generates AP fragments from the cleavage of APP. Most FAD
cases are caused by mutations in PSEN1 and PSEN2, of which over 130 have
been identified. In SAD, various susceptibility genes have been identified, includ-
ing apolipoprotein E (ApoE). It is actually considered that the genetic risk factor
that accounts for more cases of AD than any other is the ApoE4 allele located on
chromosome 19 (Bertram and Tanzi, 2008).

Because neuropathological confirmation is required for the diagnosis of definite
AD, only diagnosis of probable and possible AD can be made in living patients
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according to the commonly used criteria for AD diagnosis. These include pro-
gressive memory loss with cognitive deficits in at least two cognitive domains
(McKhann et al., 1984). As the disease progresses, the characteristic clinical fea-
tures of aphasia, apraxia, and agnosia emerge along with consequent amnesia and
personality changes. At present, there are no known curative or preventive measures
for AD and current symptomatic treatments of AD are of limited benefit, as they are
not directed at the underlying biological basis of the disease.

2.2 Rodent Models

The identification of the genetic defects and mutations that cause FAD has led to the
generation of transgenic rodent AD models. Nowadays, mice are the most popular
animal models for AD, although rat models are developed as well. Furthermore,
invertebrate models of AD have been developed and are presented at the end of this
section.

2.2.1 Pharmacological Models of Alzheimer’s Disease

AP neurotoxicity is studied in rodents (mouse and rat) after intracerebral injections
of AP peptides (AB1-40/42, AP22/25-35) previously fibrillary aggregated by incuba-
tion at 37°C for 4 days minimum. Usually, rodents are intracerebroventricularily
injected with a dose range between 3 and 9 nmol for a mouse and a dose of 15 nmol
for a rat (Maurice et al., 1996; Stepanichev et al., 2003). Some authors injected
the aggregated AP peptide directly into the hippocampus or into frontal and cin-
gulated cortices uni- or bilaterally (Cetin and Dincer, 2007; Gonzalo-Ruiz et al.,
2006). Examination of Congo red-stained tissue sections demonstrated the presence
of numerous amyloid deposits throughout the brain areas and a decrease in cre-
syl violet-stained cells indicating a significant cell loss. Furthermore, AB-injected
mice showed learning and memory deficits after 1 week postinjection (Fu et al.,
2006; Gonzalo-Ruiz et al., 2006; Maurice et al., 1996; Stepanichev et al., 2003).
Although these AB-injected rodent models did not encompass all of the neuropatho-
logical effects observed in AD, they are useful to understand the toxicity of amyloid
deposits, in particular in the cholinergic system, and to screen for neuroprotective
molecules active on the amyloid process (Fu et al., 2006; Gonzalo-Ruiz et al., 2006).

2.2.2 Transgenic Mouse Models of Alzheimer’s Disease
APP Mice

After the first discovery of the mutation in the APP gene by Hardy and Allsop
(1991), authors described the first NSEAPP mouse model of AD (Quon et al.,
1991). Then, other human APP transgenics were developed: PDAPP, Tg2576,
APP23, TgCRNDS, and J20. The APP transgene carried one or two mutations at the
B-secretase site (Swedish mutation) and/or at the y-secretase site (London mutation)
and was driven by various mouse promoters for gene coding for neuron-specific
enolase (NSE), platelet-derived growth factor (PDGF), the prion protein (Prp), or
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thymus antigen (Thy-1.2). For Thy-1.2, the thymus-specific intronic regulatory
element has been removed to target expression specifically to the mouse brain
(Andra et al., 1996). Most app transgenes utilize a cDNA encoding the APPgos
isoform, which is the predominant species expressed in the brain, or the longer
APP751 species. Except for NSEAPP mice that show diffuse (preamyloid) plaques,
all others displayed amyloid plaques which resembled the mature (neuritic) plaques
characteristic of AD with positive thioflavin-S staining. These amyloid deposits
were observed at 612 months according to the model from the hippocampus to
cortical and limbic areas in a progressive manner showing regional specificity like
that seen in AD pathology. In TgCRNDS8 mice expressing both the Swedish and
London mutations under the Prp promoter, thioflavine-S-positive amyloid deposits
became evident by 3 months of age (Chishti et al., 2001). The amyloid plaques
were associated with dystrophic neurites, gliosis, and synaptic loss only in PDAPP
mice. Despite the extent of amyloid burden, clear neurodegeneration has not been
demonstrated except in the hippocampal CAl region (14% of neuronal loss) of
14-18-month-old APP23 mice with an apparent correlation with senile plaques load
(Calhoun et al., 1999). A positive immunoreactivity of phosphorylated tau protein
was detected, however, no paired-helicoidal filament (PHFs) was noted in these
transgenic APP mice. To date, it seems that the APP23 mice are the only strain
to show a cerebral amyloid angiopathy (CAA). Clinically, the AR form of CAA is a
significant contributor to haemorrhagic stroke, and up to 90% of AD patients may
develop CAA over the disease course. Modest cholinergic deficits have also been
reported in aged APP23 mice (Boncristiano et al., 2002).

Behavioural studies described age-dependent cognitive deficits assessed by using
a Morris water maze. This behavioural test measures spatial reference memory. In
these transgenic APP mice, both their acquisition of hidden platform locations and
their retention of spatial reference information are affected (Table 1).

APP/PS-1 Mice

Most FAD cases are caused by the mutations in PS-1 and PS-2. Presenilins are
polytopic transmembrane proteins which are, in combination with three or other pro-
teins (aph-1, pen-2, and nicastrin), required for an efficient y-secretase complex and
activity to generate amyloid peptides (Edbauer et al., 2003). Although pathogenic
mutations in APP and presenilins do not coexist in human AD, it was tempting to
cross APP and PS-1 mutant mice and to assess whether mutant PS-1 would cause
elevated AP levels. Overexpression alone of PS-1 M146L, M146V FAD-associated
mutations induced a selective increase of APs> production. Crossing APP trans-
genic mice with PS-1 mutant mice causes an elevation of AB42/AB4o levels and
an acceleration of amyloid deposits by 4 months of age in APPswg/PS-14g9 mice
(Garcia-Alloza et al., 2006), by 6 months of age in PSAPP (Tg2576 mouse x PS-
Im1461. mouse), compared to 9 months in Tg2576 mice and by 1 month of age
in TgCRNDS8/PS-1 mice compared to 3 months TgCRNDS8 mice (Chishti et al.,
2001; Holcomb et al., 1998). In various double APP/PS-1 transgenic mice, no clear
evidence for neurodegeneration in either frontal cortex or CA1 hippocampus was
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evident except in the model APPsr./PS-1n1461 mice developed by Blanchard et al.
(2003) where a loss (35%) of neurons in the pyramidal cell layer of the hippocampus
was seen at 17 months of age (Schmitz et al., 2004). Recently, an intense sub-
cortical monoaminergic neurodegeneration (50% neuronal loss) was observed in
APPswg/PS-14g9 (Liu et al., 2008b). It is to be noted that none of these mouse
models showed any NFTs. However, many studies described a behavioural pheno-
type in various APP/PS-1 transgenic mice (Higgins and Jacobsen 2003; Janus and
Westaway 2001; Reiserer et al., 2007; Savonenko et al., 2005). In particular, the
performance on the Y-maze, that measures spatial working memory, was impaired
before amyloid deposits in PSAPP mice (Holcomb et al., 1999).

Taken together, these findings show that it is difficult to obtain a mouse model
reproducing AD perfectly, especially with both the neuronal loss and NFTs.
However, Casas et al. (2004) produced a new model with many features of AD,
the APPgp/PS-1 knock-in mice. These transgenic mice have two mutations in
the human APP gene at K670N/M671L and V7171 sites corresponding to - and
y-secretase sites, respectively. In addition, their endogenous ps-1 gene carries the
M233T and L235P mutations known to be linked to very early onset FAD at 29 and
35 years of age, respectively. These mice displayed a massive neuronal loss (49%
in the ten-month-old APPg; /PS-1 KI mice) in the CA1 region of the hippocam-
pus with an intense neuronal apoptosis (Casas et al., 2004; Page et al., 2006). This
neuronal loss distribution closely parallels the strong intraneuronal Af immunos-
taining and intracellular thioflavine-S-positive material but does not correlate with
extracellular deposits (Christensen et al., 2008b). Furthermore, the authors also
described a loss of neurons (44%) in the dendate gyrus granule layer (Cotel et al.,
2008). The APPg1/PS-1 KI mouse model exhibits early robust brain and spinal
cord axonal degeneration (Wirths et al., 2007, 2006). At the same time-point, a dra-
matic age-dependent reduced ability to perform working memory and motor tasks is
observed. These mice are smaller and show development of a thoracolumbar kypho-
sis, together with an incremental loss of body weight (Wirths et al., 2008b). Onset of
the observed behavioural alterations correlates well with robust axonal degeneration
in brain and spinal cord and with abundant hippocampal CA1 neuron loss (Bayer
and Wirths 2008). Although our group detected hyperphosphorylated tau protein
in cell bodies of neurons in 11-month-old APPs /PS-1 KI mice (unpublished data
obtained by G Page), NFTs were not reported yet.

Contrary to studies showing a minor loss of cholinergic interneurones in the
motor cortex of APPswg/PS-1(geiagg) mice (Perez et al., 2007), the APPg; /PS-1
KI mouse model shows a loss of choline acetyl transferase-positive neurons only in
the motor nuclei Mo5 (motor trigeminal nucleus) and 7 N (facial motor nucleus)
accumulating various intracellular AP species (Christensen et al., 2008a). The
cholinergic forebrain complex consisting of Ch1-4 showed no A pathology, with
neither extracellular AP plaque deposition, nor intracellular accumulation of Af
peptides. These fibres from this region displayed swollen ChAT-positive dystrophic
neurites surrounding AP plaques in the cortex and hippocampal formation.

Another neuropathological alteration is the inflammatory processes, such as
microglial activation and astrocyte reactivity, that occurs early during the course of
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the disease (Eikelenboom et al., 2006). At the age of six months, the APPg; /PS-1 KI
mouse model upregulates different astro- and microglia markers in both brain and
spinal cord including GFAP, cathepsin D, members of the Toll-like receptors family,
TGFg-1, and osteopontin (Casas et al., 2004; Damjanac et al., 2007; Wirths et al.,
2008a). Another interesting feature is the occurrence of ganglioside alterations and
an accumulation of ceramide species in the cerebral cortex of APPsp/PS1 KI mice
as it was shown in human AD brains (Barrier et al., 2007, 2008). As early as three
months, these lipid alterations were increased and could be linked to the massive
neuronal death observed at sixmonths (Table 1).

APP/BACE Mice

The type I transmembrane aspartyl proteinase p-site APP cleaving enzyme (BACE1)
was identified as the major B-secretase for generation of AP peptides by neurons
(Luo et al., 2003). BACE cleaves APP at Aspl and Glull, whereas subsequent
cleavage by y-secretase gives rise to the AB (1-40/42) and AP (11-40/42) amyloid
peptides. Deficiency of BACEL in a double transgenic combination with human
mutant APP rescued the early hippocampal memory deficits and correlated with
a dramatic reduction in AP levels (Ohno et al., 2004). On the other hand, mice
overexpressing BACE]1 in addition to human wild-type (WT), APP, or mutant APP
increased the amyloidogenic processing of APP as revealed by increased levels of
the APP metabolites sSAPPB, B-CTF, and AP peptides (Willem et al., 2004). No CAA
was observed probably due to the higher rate of self-association and fibrillogenic
capacity of the shorter and less soluble N-truncated AB11-42 peptides that form
amyloid deposits in the parenchyma, indicating that BACEL is in tight control of the
balance in amyloid pathology in brain, promoting either parenchyma or vasculature.

APP/ApoE Mice

In epidemiological investigations, it has been found that the ApoE4 allele is genet-
ically associated with sporadic AD with a frequency of 45% compared with 15%
in the general population (Corder et al., 1993). The pathological contributions of
ApoE to amyloid and tau pathology in AD have been studied in different types of
transgenic mice deficient in endogenous murine ApoE and/or overexpressed differ-
ent ApoE isoforms, including various combinations with mutant human APP and
PS-1 (Holtzman 2004). ApoE knock-out mice have significantly decreased synap-
tophysin and MAP 2 staining, supporting the role of ApoE in the maintenance of
synapses and dendrites during aging (Masliah et al., 1995). The finding that ApoE
deficiency delayed amyloid plaque deposition in mice, whereas overexpression of
human ApoE4 and not ApoE3 by transferring gene promoter accelerated plaque
formation in transgenic mice, suggested a gain of function of ApoE4 (Bales et al.,
1999; Carter et al., 2001). Authors showed that ApoE4 did not change the balance
of amyloidogenic to nonamyloidogenic pathways. Nevertheless, the levels of AB42
and APB40 increased by ApoE4 overexpression, indicating that ApoE4 acted down-
stream of the production of amyloid peptides, that is, slowed down the degradation
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and clearance of AP peptides (Van Dooren et al., 2006). Furthermore, the neuron-
specific proteolysis of ApoE4 was linked to increased phosphorylation of tau in the
brain of ApoE mice (Brecht et al., 2004). Another most interesting finding is the
development of CAA in the cortex, hippocampus, and thalamus of APP/ApoE4 and
APP/ApoE4/PS-1 mice (Fryer et al., 2003).

APP/ADAM Mice

The endoproteolysis of APP within the AP sequence by the a-secretase can pre-
clude the formation of any AP peptides. In addition, cleavage by a-secretase
releases the N-terminal soluble ectodomain of APP, known as APPa, which has
been claimed to exert neurotrophic and neuroprotective properties (Mattson, 1997).
Proteinases belonging to the ADAM family (A Desintegrin and Metalloproteinases)
were the main candidates as physiologically relevant a-secretases. ADAM10 and
ADAM17 single knock-outs have been shown to be lethal embryonically, whereas
ADAMY knock-outs are viable. Transgenic mice are developed with overexpres-
sion of ADAMI10 or a dominant negative catalytically inactive ADAM10 mutant
with human mutant APP in double transgenic mice. Moderate neuronal levels of
ADAMI0 increased the secretion of APPa concomitantly with a reduction in the
production of A peptides, preventing any deposition of amyloid plaques. long-term
potentiation (LTP) and cognitive deficits were also improved, suggesting a funda-
mental rescue of synaptic function via the increased activity of a-secretases (Postina
et al., 2004).

Tau and Tau/APP Mice

Although mutations in tau do not lead to AD, they produce dementia such
as frontotemporal dementia with Parkinsonism associated with chromosome 17
(FTDP-17). In AD and other tauopathies, the MAP tau protein is abnormally
hyperphosphorylated and is accumulated as intraneuronal tangles of PHF in cell
bodies of neurons. Furthermore, the number of tangles correlates significantly with
the degree of dementia, more so than the amyloid plaque numbers. Tau exists in
six isoforms (352—-441 amino acids) by alternative splicing of exons 2, 3, and
10, with isoforms containing either three or four C-terminal tandem microtubule-
binding domain repeats and either no, one, or two shorter N-terminal domains
(Fig. 1). Preparations of PHFs from AD brains reveal only three isoforms of tau
corresponding to abnormally phosphorylated tau (Goedert et al., 1992).

Pathogenic mutations in the tau gene that cause FTD and FTDP-17 either reduce
the ability of tau to bind to microtubules or alter the splicing of exon 10 result-
ing in increased 4 repeat tau isoforms. The first transgenic tau models (ALZ7 line)
expressing wild-type human tau were generated in 1995 before pathogenic tau
mutations had been identified. Overexpressing the longest isoform of human tau
(4 repeats) under the human Thy-1 promoter resulted in hyperphosphorylation of
tau and somatodendritic localization (Gotz et al., 1995). There are no NFTs, but
these mice suffered from a severe axonopathy instead, with progressive paralysis of
the hindlimbs, extending to the forelimbs, and age-related increased impairment
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in the performance of tasks such as beam walking and rotarod (Spittaels et al.,
1999). Overexpressing wild-type human 3 repeat tau under the mouse PrP promoter
also resulted in hyperphosphorylation of tau and axonopathy in the spinal cord with
NFTs in the hippocampus, amygdala, and entorhinal cortex, albeit at very old ages
(18-20 months) (Ishihara et al., 2001). Because overexpression of wild-type human
tau in mice replicated very limited aspects of tau pathology in AD, many groups
turned to the discovered pathogenic tau mutations for use in animal models. In 2000,
Lewis et al. (2000) published their JNPL3 mouse model where the transgene con-
tains the most common tau mutation (P301L) associated with FTDT-17 under the
mouse PrP promoter. These mice with no amyloid pathology developed NFTs asso-
ciated with astrogliosis, apoptosis in the spinal cord, and motor and behavioural
disturbances.

Before producing a bigenic APP/tau mouse model, some authors injected a
synthetic AP42 into the somatosensory cortex and contralateral hippocampus of
P301L mice resulting in a fivefold increase in NFT numbers in the amygdala,
which receives projections from both cortex and hippocampus (Gotz et al., 2001).
However, AB was not capable of inducing NFT formation in non-NFT-forming WT
tau transgenic mice (Gotz et al., 2001). Crossing Tg2576 mice with JNPL3 tau mice
resulted in a double transgenic mouse line showing a more than sevenfold increase
in NFT numbers at 9—11 months of age compared to JNPL3 mice. However, the
presence of tau did not affect amyloid pathology (Lewis et al., 2001). To address
the relationship of plaques and NFTs, Oddo et al. (2003) developed a triple trans-
genic mouse model named 3xTg-AD. These mice harbor mutations of APPswE,
PS-1m146v K1, and taupzgir. and develop senile plaques first in the cortex (around
3 months of age) that spread to the hippocampus by 6 months. Tangles develop
after amyloid pathology with hippocampal origin at 12 months of age and extend
to the cortex. This regional and temporal development of pathology closely mimics
the development of pathology in AD. These mice also exhibit synaptic dysfunc-
tion, including LTP deficits that precede senile plaques and tangles formation (Oddo
et al., 2003). In this triple transgenic model, cognitive deficits are observed whereas
no cell loss is depicted.

In vitro, many kinases can phosphorylate tau, but it is very difficult to establish
the equivalent in the brain in vivo and to define exactly which kinases are responsible
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for the phosphorylation of tau at precise amino acid residues. Two kinases that
are the most likely candidates in vivo are glycogen synthase kinase-3p (GSK-38)
and cyclin-dependent kinase 5 (cdk-5). Neuronal overexpression of GSK-3f8 by
itself reduced the brain size without any phenotypic repercussion or development
of tauopathy despite increased phosphorylation of tau (Spittaels et al., 2000, 2002).
Surprisingly, in the tau-4R x GSK-3B double combination, the axonopathy was
practically completely rescued with elimination of axonal dilations in brain and
spinal cord, reduction in axonal degeneration and muscular atrophy, and the alle-
viation of all motor problems. The amount of tau associated with microtubules
was reduced by 50% compared to single htau-4R transgenic animals and unbound
tau was phosphorylated, leading to the conclusion that hyperphosphorylation of
protein tau does not cause tauopathy per se. Recently, two novel bigenic mouse
models, APPy/Taup3p;, with amyloid and tau pathology and GSK-3p/Taup3oir,
with tauopathy only showed remarkable parallels: aggravation of tauopathy, severe
cognitive and behavioural defects in young adults before the onset of amyloid
deposits or tauopathy and activated GSK-38 with pathological phospho-epitopes
of tau (S396/S404, characteristic GSK-38 motif). These findings indicate that AP
induces tauopathy through activation of GSK-3p (Terwel et al., 2008).

In addition, cdk-5 and its activating subunit p35 or its N-truncated p25 product
have been inactivated or expressed in transgenic mouse brain with various degrees
of success. The expression of cdk-5 with p35 and tau-4R in triple transgenic mice
has yielded no additional new insights to the problem. Then, inducible p25 mice
controlled by tetracycline displayed a dramatic neurodegeneration and neuroinflam-
mation. A 30% decrease in brain weight was evident in a three-month observation
period after the induction of p25 at the age of 6 weeks (Muyllaert et al., 2008;
Table 2).

2.2.3 Transgenic Rat Models of Alzheimer’s Disease

Parallel to the generation of transgenic mice, several transgenic rat models have
also been produced as rats are a better rodent model for studies involving neurobe-
havioural testing, cannulation, sampling of cerebrospinal fluid, electrophysiology,
neuroimaging, and cell-based transplant manipulations (Abbott 2004). The first
transgenic rat line was generated by Flood et al. (2007). Rats have human APPgy,
and human PS1y46v gene mutations and developed amyloid deposits at 9 months
of age. APPswg rat model was reported but no amyloid pathology was observed
except for a low intracellular accumulation of AP (Echeverria et al., 2004).
Another APPswg rat model has been generated and produced mild, extracellu-
lar AP immunostaining and failed to develop compact, mature amyloid plaques
by the age of 22 months (Folkesson et al., 2007). Recently, the model of Flood
et al. (2007) has been more characterized: from the age of 9 months on, this rat
model of AD had amyloid deposits in both diffuse and compact forms associated
with activated microglia and reactive astrocytes; two months before the appearance
of amyloid plaques, impaired LTP was revealed on hippocampal slices, accompa-
nied by impaired spatial learning and memory in the Morris water maze; a mild



61

Animal Models of Neurodegenerative Diseases

‘urojoxd ney [ JVIN parerAroydsoydiadAy ey -q ‘perrodar jou YN (se[Sue) IR[[LIqyOINSU ;TN ‘osnow ‘I ‘uewny :y ‘senberd onumau projAwe :qv

1-A4], Tioedney,
1-44L I APINT-8d
BN BN AN LN SO LN dv 1-KyL, amMsqqv av-31x¢
d1d TI0gdne) Yy
BN BN SO S9A LN sOX (N T1-6) dV did (TLLINNOLNS6I I g v ddVL
AN AN SOA SOA SOK SOK ON TI1-AUL Tioedne) ¥y cud
BN BN S9A S9A LN S9K ON did Tiotdne) ¥y €TINS
AN AN AN SI9A SO SO ON did ne} e SLneL.
AN ON ON S9A ON LN ON [-KyLw “1-AyLy ne} Yy L1Z7IV LZV
uoroear SOy ssoT  Ayjedouoxy IAN ney-qd susodog I9j0wolg UONBINJA QUID) QBN
K10jewruuepu]  AJOWQJA] [RUOINAN projAury

S[OPOJA @SNOJA] OTUATSURI], NB], T I[qeL



62 1. Ghorayeb et al.

amyloid angiopathy was also described on the leptomeningeal blood vessels (Liu
et al., 2008a).

2.3 Invertebrate Models

Species as diverse as the fly Drosophila Melanogaster, the nematode
Caenorhabditis elegans, and the sea lamprey Petromyzon marinus have been
employed to provide new insight into the pathogenesis of AD. As we also show in
other animal models of neurodegenerative disorders, these lower species offer sev-
eral advantages compared to rodent models. The sea lamprey was used to study the
degenerative changes linked to tau overexpression as it presents six giant neurons in
the hindbrain which resemble most large vertebrate neurons and are readily acces-
sible for manipulation (Hall et al., 1997). Flies and worms have other advantages:
easy and fast to breed, cheap, no ethical limitations, powerful genetics, and modifier
(suppressor and enhancer) screens and drug screenings are possible. These mod-
els are useful to understand the normal functions and regulation of APP, PS, and
tau genes. Genetic approaches could identify cellular processes that can suppress
AB- or tau-dependent pathology.

The fly APP homologue, APPL, does not contain the segment of APP cleaved to
generate pathogenic amyloid peptides. Therefore, some authors studied the physi-
ological functions of APP and APPL in Drosophila. Both proteins were shown to
function as vesicular receptors for kinesin 1, a motor-mediated anterograde vesi-
cle trafficking. Flies lacking APPL or overexpressed of WT and mutant APP have
axonal transport defects and only APP overexpression increased cell death in the
larval brain (Cauchi and van den Heuvel 2006). Other authors introduced FAD-
linked mutations at conserved residues in the Drosophila PS gene or overexpressed
APP/BACE and showed an increased neurotoxicity in the fly with production of
amyloid peptides (Sang and Jackson 2005). Modelling AD in the fly was also
attempted by delivering transgenes encoding AB40 and AP42 peptides. Results with
AP42 peptides specifically expressed in brain tissue showed a reduced longevity,
locomotor deficits, impaired olfactory memory, and neurodegeneration whereas
AP40 flies were not affected.

As for the fly, C. elegans has an APP homologue, APL-1. The RNAi knock-
down results in a more severe uncoordinated phenotype and genetic deletion results
in embryonic or larval lethality (Link, 2005; Segalat and Neri, 2003). Furthermore,
a transgenic C. elegans expressing human AP has been developed and shown
neurodegeneration, amyloid deposits, oxidative stress, and upregulation of many
stress-related genes (Wu and Luo, 2005). In contrast to APP, the deletion of the
worm tau homologue or the fly tau homologue does not result in any detectable
phenotype, probably due to compensation by other MAPs. Authors produced trans-
genic Drosophila and C. elegans by introducing either the normal human tau gene
or various mutant forms of the human tau gene. Invertebrate animals displayed
neurodegeneration, a shortened life span, axonal transport defects, vacuolization
in the cortex of the fly, and positive immunostaining for a series of NFT-specific
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epitopes without insoluble tau fibrils in Drosophila contrary to C. elegans (Gotz
et al., 2004).

2.4 Primate Models

2.4.1 Spontaneous Approaches

Although nonhuman primates do not spontaneously develop AD, age-related
behavioural and neurodegenerative changes occur in monkeys. Indeed, it has been
shown that nonhuman primates of several species exhibit cerebrovascular and
parenchymal AP amyloidosis but without or with paucity of tau lesions (Gearing
et al., 1994, 1997; Martin et al., 1991; Struble et al., 1985; Walker et al., 1990;
Wisniewski et al., 1973). Significant intraneuronal tau pathology was only recently
documented in an aged chimpanzee (Rosen et al., 2008). Although the lesion pro-
file in this chimpanzee differed somewhat from that in AD, the occurrence of both
tau-immunoreactive paired helical filaments and Af-amyloidosis indicates that the
molecular mechanisms for the pathogenesis of the two key hallmarks of AD, namely
NFTs and senile plaques, are present in aged chimpanzees. In this monkey, although
age probably played a role in the pathogeny of tauopathy, additional factors are sug-
gested to be involved because it is unusual to encounter tau-immunoreactive neurons
and processes in older animals (Gearing et al., 1994).

Similarly to brain pathology, it was also found that the monkeys undergo an age-
related decline in several domains of cognitive function (Bartus et al., 1979, 1978;
Lai et al., 1995; Moore et al., 2006; Rapp 1993, 1990; Voytko 1999). However, these
changes were not correlated with neuronal loss in memory-related brain regions
such as the hippocampus and entorhinal cortex (Peters et al., 1996) but with exten-
sive loss of neurons in subcortical cholinergic basal forebrain regions similar to
AD (Smith et al., 1999). The validity of these spontaneous models remains, how-
ever, questionable because by contrast to patients with AD in whom severe neuronal
cell loss in the hippocampus can be found, the brain of normal aging subjects dis-
played almost no neuron loss in this region (West et al., 1994). It can be concluded
that the neurodegenerative processes associated with normal aging and with AD
are qualitatively different and that human AD is not accelerated by aging but is a
distinct pathological process. The validity of such models is also weakened by the
lack of correlation between the degree of amyloid plaque accumulation and cogni-
tive decline in aged monkeys (Sloane et al., 1997). Therefore, the pathological and
cognitive changes observed in the aged nonhuman primates emphasize their value
as animal models for studies of human aging but question their relevance to the
human AD.

2.4.2 Lesioning Approaches

Lesioned animal models are based upon the assumption that the destruction of
basal forebrain cholinergic neurons by injection of a neurotoxin, such as ibotenic
acid, is sufficient to reproduce some of the cognitive impairments associated with
AD, mainly memory and learning deficits. Indeed, pathology in the basal forebrain
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cholinergic neurons is a prominent feature of AD and it may be responsible for
the severe memory deficits observed in these patients. Impaired learning abilities,
visual discrimination, and memory deficit were thus elicited following lesions of the
nucleus basalis of Meynert (NBM) (Irle and Markowitsch, 1987; Ridley et al., 1985;
Roberts et al., 1990). In other studies, however, large lesions of the NBM did not
impair memory or produced only transient mild deficit in visual recognition mem-
ory (Aigner et al., 1987, 1991; Voytko et al., 1994). Surprisingly, a cholinesterase
inhibitor (physostigmine) produced modest improvement in performance in the
control group but not in the experimental animals.

Thus, no consensual conclusion is available about the behavioural and cogni-
tive effects of basal forebrain cholinergic neuron lesions in nonhuman primates.
However, one has to keep in mind that AD is not solely a disease of the cholinergic
system.

2.4.3 Pharmacological Approaches

Based on evidence of modest improvements in cognitive function in patients with
AD and in normal human volunteers with the augmentation of central cholin-
ergic neurotransmission by cholinesterase inhibitors such as physostigmine and
tacrine, many animal studies have investigated the effects of systemic adminis-
trations of direct or indirect cholinergic modulators. The ability of cholinesterase
inhibitors to reverse cognitive impairments induced by the muscarinic antagonist
scopolamine has been demonstrated in nonhuman primates and has been the most
widely exploited approach used in preclinical animal assays to identify potential
therapies for AD (Aigner and Mishkin 1986; Bartus and Johnson 1976; Fitten et al.,
1988; Rupniak et al., 1991, 1989; Rupniak et al., 1997; Tang et al., 1997).
Although these models have provided a framework to understand AD and to test
the preclinical development of drugs to treat the cognitive symptoms, fundamen-
tal questions persist regarding the validity of measures of behavioural function in
animals in terms of reflecting clinically relevant measurements of cognition.

2.5 Perspectives

Several animal models of AD have been developed in species ranging from worms
to primates. Although none completely recapitulate the disease process, they have
proven to be useful models for neuropathological changes. As discussed below for
all animal models of neurodegenerative diseases, there is no perfect animal model
for AD. It all comes to the question that is to be answered. For instance, for screening
purposes of molecules against A aggregation, one can use an Af-injected rodent; to
explore mechanisms involved in neuronal death, an animal model with amyloid and
tau pathology and neuronal loss such as APPg PS-1 KI or Tau/APP mice are per-
haps better suited. However, it is important to note that amyloid plaques are probably
not at the origin of neuronal death inasmuch as the active vaccination in AD patients
did not rescue the cognitive impairment whereas amyloid plaques were suppressed
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or reduced in the brain of AD patients (Holmes et al., 2008). Many reports under-
lined that the intraneuronal accumulation of AP instead of extracellular A deposits
triggers an early transient pathological event leading to neuronal loss in AD. It will
be interesting to study the transcriptome of APPg; PS-1 KI from the embryonic to
adult life (up six months where a massive neuronal loss is depicted) in order to find
new genes involved in the dysfunction of cell life. Furthermore, all findings in these
animal AD models open a new field of research to develop an AD animal model:
researchers may undertake the biological, molecular, and behavioural knowledge to
associate APP/PS-1 for AP accumulation with another molecular target involved in
neuronal death, cognitive deficits, or NFTs and inflammatory processes induced by
intracellular A neurotoxicity.

3 Parkinson’s Disease (PD)

3.1 The Human Disease

Parkinson’s disease (PD) is the second most common neurodegenerative disorder
after AD. Although PD can develop at any age, it begins most commonly in older
adults, with a peak age at onset at around 60 years (von Campenhausen et al., 2005).
The likelihood of developing PD increases with age, with a lifetime risk of about
2% for men and 1.3% for women (Elbaz et al., 2002).

Most PD cases are sporadic, of unknown aetiology, but rare cases of monogenic
mutations show that there are multiple causes for the neuronal degeneration (Fahn,
2003). To date, more than seven genes are known to cause familial PD. Also, 13
genetic loci, PARK1-13, have been suggested for rare forms of the disease such as
autosomal dominant and autosomal recessive PD. The pathological hallmarks of PD
are the loss of the nigrostriatal dopamine (DA) neurons and the presence of intracel-
lular proteinacious alpha-synuclein-positive inclusions in surviving neurons termed
Lewy bodies (LB) and Lewy neurites (LN). A recently proposed staging procedure
of PD pathology suggests a premotor period in which typical pathological changes,
LB and LN, spread from the olfactory bulb and vagus nerve to lower brainstem
regions (stages 1-2), followed by a symptomatic period when pathological changes
involve the midbrain including the substantia nigra (stage 3), mesocortex (stage 4),
and neocortex (stages 5-6) (Braak et al., 2003).

When PD becomes clinically overt, tremor, rigidity, bradykinesia, and postural
instability are considered to be the cardinal signs of the disease. The course of the
disease is chronic and progressive, and may be considerably complicated by a wide
range of motor and nonmotor features, many of which contribute to increased dis-
ability as well as diminished quality of life in patients and caregivers (Schrag et al.,
2000).

a-synuclein is a 140-amino-acid protein that is encoded by a gene, SNCA, on
chromosome 4 and that is abundantly expressed in many parts of the brain and local-
ized mostly to presynaptic nerve terminals, mainly as an isoform of 140 amino acids.
Structurally, a-synuclein is composed of three domains, an N-terminal amphipathic
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region (residues 1-60), a central hydrophobic region known as the non-B-amyloid
component (residues 61-95) and a C-terminal acidic region (residues 96—140). Two
categories of mutations causing familiar forms of the PD are known in the SNCA
gene: point mutations, leading to missense variants in the encoded protein, and
whole-locus multiplications leading to severe overexpression of the wild-type pro-
tein (Cookson, 2005; Moore et al., 2005; Polymeropoulos et al., 1997; Singleton
et al., 2003; Spillantini and Goedert, 2000). Multiplications are rare, perhaps respon-
sible for 1% of the PD families compatible with autosomal dominant inheritance.
Point mutations are exceedingly rare: Ala53Thr is found in about 15 families of
Greek ancestry; Ala30Pro and Glu46Lys are present in single families of German
and Spanish origin, respectively.

Three missense mutations in a-synuclein gene (AS53T, A30P, and E46K;
Polymeropoulos et al., 1997; Zarranz et al., 2004), in addition to genomic tripli-
cations of a region of a-synuclein gene, are associated with autosomal dominant
PD (Singleton et al., 2003). a-Synuclein has an increased propensity to aggregate
due to its hydrophobic non-f-amyloid component domain. The presence of fibrillar
a-synuclein as a major structural component of LB in PD suggests a role of aggre-
gated a-synuclein in disease pathogenesis (Spillantini et al., 1998a). Recent studies
provide compelling evidence of non-p-amyloid component domain and a truncated
form of a-synuclein in mediating neurodegeneration in vivo.

3.2 Rodent Animal Models

There are both toxin and genetic animal models of PD. Many different toxins
are used to generate DA degeneration. The most frequently used toxins in rodent
models of PD are 6-hydroxydopamine (6-OHDA) and 1-methyl-4-phenyl-1, 2, 3,
6-tetrahydropyridine (MPTP).

3.2.1 The 6-OHDA Model

6-OHDA shares some structural similarities with DA and norepinephrine, and has
a high affinity for several membrane transporters such as the DA (DAT) and nore-
pinephrine transporters (NET) (Bezard et al., 1999; Breese and Traylor 1971; Pifl
et al., 1993). 6-OHDA cannot cross the blood—brain barrier and must therefore be
injected directly into the brain (Sachs and Jonsson, 1975). Once inside the neurons,
it is rapidly oxidized into 6-OHDA-quinone and hydrogen peroxide, both of which
are highly toxic (Saner and Thoenen, 1971) as they inhibit the mitochondrial respira-
tory chain enzyme complex I and IV, thus causing neurodegeneration of DA neurons
(Glinka and Youdim, 1995; Ichitani et al., 1991). The extent of loss of DA neurons
and their striatal terminals is dependent upon the dose of the toxin injected and
the site of toxin injection. The toxin can be injected intrastriatally, into the median
forebrain bundle (MFB, that comprises the nigrostriatal tract), or directly into the
subsantia nigra (SN). This toxin does not produce LB-like inclusions (Dauer and
Przedborski, 2003).
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Striatal Injection

6-OHDA delivered into the striatal DA terminals has been widely used to examine
neuroprotective strategies. Unilateral delivery of 6-OHDA into the striatum pro-
duces a slow and progressive retrograde degeneration of DA neurons. One major
advantage of this model is that it damages only DA neurons projecting to the stria-
tum, allowing for examination of neuroprotective strategies. In addition, because
in the striatum there are no NE terminals, this allows 6-OHDA to be specific to
DA neurons. One drawback to a striatal injection to model PD is that behavioural
deficits are more subtle and thus can be difficult to detect. In addition, depending on
the degree of DA depletion in the striatum, animals were reported to recover within
several days, unless the lesion extends 80%. This recovery is attributed to compen-
satory mechanisms (increased release, decreased reuptake) of residual DA neurons
and to changes in crossed projections from the contralateral hemisphere.

Medial Forebrain Bundle Injection

6-OHDA placed along the MFB produces a rapid degeneration of DA neurons
and terminals where a loss of DA levels in the striatum can be detected 24 h
after 6-OHDA injection and a significant loss of DA neurons in the SN by 3 days
post-6-OHDA. In addition to producing a large cell death to the nigrostriatal path-
way, unilateral MFB injections produce reliable, long-lasting behavioural deficits.
A major issue regarding placement of 6-OHDA along the MFB is that of specificity.
Because 6-OHDA is a catecholamine analogue and not simply an analogue of DA,
when placed in the MFB, 6-OHDA can produce damage to NE terminals. In order
to create specific damage only to DA neurons, 6-OHDA can be used in conjunction
with a NE uptake inhibitor (such as dismethylimipramine), thereby blocking entry
of 6-OHDA into NE terminals. Another drawback to the MFB lesion is that it can
produce (depending on dose) a rather large and rapid cell death that can sometimes
overwhelm potential neuroprotective strategies that may take longer time periods
to produce beneficial effects. In addition, because of the speed with which MFB
lesions produce death of DA neurons, it does not closely mimic the chronic course
of the clinical condition.

Substantia Nigra Injection

The injection of 6-OHDA in the SN destroys the DA cell bodies within a few
hours and before degeneration of striatal terminals (Jeon et al., 1995). Injection
of 6-OHDA to the ventral midbrain produces a nearly complete destruction of SN
neurons and striatal tyrosine hydroxylase (TH)-immunoreactive terminals. Delivery
of 6-OHDA into the SN appears to be a more useful approach for testing cell
replacement therapies (Hirsch et al., 2003).

Behavioural Impairment Following 6-OHDA Lesions

In the unilateral 6-OHDA model, also known as the “hemiparkinson model,”
the intact hemisphere serves as an internal control structure (Perese et al., 1989;
Schwarting and Huston, 1996). Among the motor tests used following 6-OHDA
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lesions, the “gold standard” measures the extent of a DA lesion following
administration of the DA precursor, L-DOPA, or DA agonists, such as apomor-
phine (Ungerstedt and Arbuthnott, 1970) and counting the number of rotations.
Amphetamines have been termed indirect DA agonists, because they affect DA
receptors indirectly by increasing the extracellular availability of endogenous stri-
atal DA (Jones et al., 1998). Amphetamine treatment can induce ipsilateral rotations;
the direction of turning is attributed to the release of DA in the unlesioned hemi-
sphere. Apomorphine is a DA receptor agonist which stimulates both classes of DA
receptors (D1, D2). Apomorphine treatment can induce contralateral rotations; the
direction of turning is attributed to the stimulation of supersensitive D1-receptor and
D2-receptor, especially in the lesioned hemisphere.

This approach easily allows the control of the extent of DA lesion and evaluates
the power of therapeutic treatments, a major advantage of the 6-OHDA model of
PD (Beal, 2001). The other deficit in 6-OHDA lesioned animal models is sensory
neglect to visual, tactile, or olfactory stimuli that can be evaluated as the thresholds
for leg withdrawal to footshocks. This behavior is believed to be due to damage in
the lateral hypothalamus through which the ascending fibres of mesencephalic DA
neurons pass. In addition, many researchers use the forepaw usage deficit contralat-
eral to the side of the lesion as a method to evaluate the behavioural consequences of
6-OHDA and the potential efficiency of neuroprotective agents or cell transplanta-
tion strategies. Contralateral deficits with massive lesions were also observed in the
“staircase” test, where the rat has to reach downwards for food with either only the
left or the right paw. Behavioural asymmetries following unilateral 6-HAD lesions
were also found in swimming rats tested in circular pools (for a complete review of
this issue see Schwarting and Huston 1996).

In summary, the 6-OHDA model does not mimic all pathological and clinical
features of human Parkinsonism. It induces DA neuron death, whereas the formation
of cytoplasmatic inclusions (LB) does not occur. However, these models are very
useful for testing cell replacement therapies or neuroprotective treatments.

3.2.2 The MPTP Model

It was in the late 1970s that a by-product of a synthetic drug, MPTP, was identified
as a cause of Parkinsonism in drug addicts (Langston et al., 1983). The subsequent
identification of MPTP as a dopaminergic toxin led to it becoming the most widely
used toxin to mimic the clinical and pathological hallmarks of PD. MPTP is highly
lipophilic and readily crosses the blood-brain barrier. After administration, MPTP
is metabolized in astrocytes to its active metabolite 1-methyl-4-phenylpyridinium
(MPP+) by the monoamine oxidase B (MAO B), an enzyme involved in monoamine
degradation (Nicklas et al., 1985; Przedborski and Vila 2003). MPP+ is selectively
taken up by the DAT and is accumulated in mitochondria where it inhibits complex I
of the electron transport chain (Langston et al., 1984b; Mizuno et al., 1987; Nicklas
et al., 1985). This reduces ATP production and causes an increase in free-radical
production. Dopaminergic neurons in SNc are particularly vulnerable to the action
of MPTP (Giovanni et al., 1991). In rodents, MPTP is systemically administered,
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either intraperitonealy or subcutaneously, and with repeated injections. There are
marked species differences in susceptibility to the neurotoxic effects of MPTP. For
instance, rats are resistant to MPTP toxicity as their catecholamine neurons seem to
better cope with, and survive, impaired energy metabolism.

Mice strains vary widely in their sensitivity to the toxin. When administered
with multiple high MPTP doses, they exhibit striatal DA reductions, SN neuron
loss, and behavioural impairment (Heikkila et al., 1984). However, depending on
the endpoint tested, MPTP effects in mice vary with dose, route, number, and timing
of injections, as well as gender, age (Jarvis and Wagner 1985), and strain (Tipton
and Singer 1993).

The MPP+, the toxic metabolite of MPTP can also be used to obtain animal mod-
els of PD. Systemic administration of MPP+ does not damage central DA neurons,
because it does not readily cross the blood—brain barrier due to its charge. However,
its direct injection into the brain effectively destroys much of the DA nigrostriatal
pathway.

The rotarod and open field locomotion tests are used to evaluate the motor deficits
following MPTP treatments. These tests are only effective if they are employed
shortly after treatment when the mice are still intoxicated by MPTP. Mice tested later
show no deficit on the rotarod (Meredith and Kang 2006). More sensitive measures,
such as gait analysis, or the pole or grid tests, have been able to detect DA loss as
low as 50% (Meredith and Kang 2006). However, motor deficits do not correlate
well with the extent of DA neuronal loss, striatal DA levels, or the dose of MPTP
(Rousselet et al., 2003).

Today, MPTP represents the most important and most frequently used
Parkinsonian toxin applied in animal models (Beal, 2001; Przedborski et al., 2001).
The major advantage of the MPTP is that it directly causes a specific intoxication
of dopaminergic structures and it induces in humans symptoms virtually identical
to PD (Przedborski and Vila, 2003). The major drawback of MPTP is that the cell
loss is strain-, age-, and gender-dependent in mice (Smeyne et al., 2005; Sundstrom
etal., 1987).

3.2.3 Genetic Rodent Models of PD

PD is generally a sporadic disorder, but in a significant proportion of cases (10-15%
in most studies) it runs in families without a clearcut Mendelian pattern. Currently,
there have been 13 defined loci identified as associated with high-penetrant auto-
somal dominant or recessive PD, of which causative mutations in specific genes
have been identified. These genes include a-synuclein, parkin, ubiquitin carboxyl-
terminal esterase L1 (UCH-L1), PTEN-induced putative kinase 1 (PINK1), DJ-1,
and leucine-rich repeat kinase 2 (LRRK2). As outlined in Table 3, most of these
mutations can be characterized by an early onset of disease.

PD Caused by Mutations in the a-Synuclein Gene (PARK1)

Overexpression of a-synuclein lacking residues 71-82 failed to aggregate and form
oligomeric species in the Drosophila model of the disorder resulting in an absence
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Table 3 Summary of the Eight Main Mutations Leading to Parkinson’s Disease

Locus Chromosome Gene Inheritance Lewy Bodies
PARK1 4q21 a-synuclein Dominant Yes

PARK2 6925 parkin Recessive No (only 1 case)
PARK3 2p13 Unknown Dominant Yes

PARK4 4921 a-synuclein Dominant Yes

PARKS5 4pl4 UCH-LI Dominant Unknown
PARKG6 1p35-36 PINK1 Recessive Unknown
PARK?7 1p36 DJ-1 Recessive Unknown
PARKS 12q12 LRRK?2 (dardarian) Dominant Variable

of dopaminergic pathology as no loss of tyrosine hydroxylase-positive neurons was
observed. The expression of a truncated form of a-synuclein showed an enhanced
ability to aggregate into large inclusions bodies, an increased accumulation of high
molecular weight alpha-synuclein species, and an enhanced neurotoxicity in vivo
(Periquet et al., 2007). To investigate the function of a-synuclein in mice, several
transgenic mice lacking a-synuclein or expressing either WT or mutated (A30P,
AS53T, or both) human a-synuclein were generated.

The first line of a-synuclein knock-out mice displays a reduced level of DA
in the striatum (Abeliovich et al., 2000), however, behavioural assessment did not
reveal any major impairment. The second line of a-synuclein-null mice generated
by Dauer et al. (2002) were completely resistant to MPTP intoxication, likely due
to an incapacity of MPP+ to inhibit complex I in these mice. A third line of -
synuclein knock-out mice generated showed a partial protection to MPTP-induced
striatal DA loss and an increased methamphetamine-induced DA depletion (Schluter
et al., 2003).

Expression of truncated a-synuclein under the TH promoter led to nigrostriatal
pathology (Tofaris et al., 2006). Expression of amino acids 1-130 of the human
protein with the A53T mutation caused embryonic loss of DA neurons in the SN
whereas expression of the full-length protein did not (Wakamatsu et al., 2008).
Expression of amino acids 1-120 of the wild-type human protein on a a-synuclein
null background only led to decreased striatal DA without loss of DA neurons in
SN (Tofaris et al., 2006). Although several a-synuclein-null mice and transgenic
overexpression mutations have been created, none exhibited consistent neuronal
degeneration of DA terminals.

PD Caused by Mutations in the Parkin Gene (PARK?2)

The parkin gene, which maps to chromosome 6, encodes a 465 amino acid pro-
tein containing an N-terminal ubiquitin-like domain, a central linker region, and
C-terminal RING domain. The parkin protein functions as an E3 ubiquitin protein
ligase, and is involved in the degradation of cellular proteins by the proteasomal
pathway. The loss of parkin’s E3 ligase activity due to mutations leads to autoso-
mal recessive juvenile PD (Kitada et al., 1998; Shimura et al., 2000; Zhang et al.,
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2000). Mutations in parkin were first identified in 1998 in Japanese patients with
autosomal recessive juvenile Parkinsonism (Kitada et al., 1998). About 50% of
the mutations found in parkin are point mutations. The remaining 50% consist of
genomic rearrangements. By targeting different exons of the parkin gene, several
parkin knock-out mice were generated. In mice, exon 3 deletion did not affect the
number of nigral DA neurons. However, the mice exhibited behavioural deficits that
are associated with the basal ganglia function and have decreased DA release in
response to amphetamine (Goldberg et al., 2003). Similar to exon 3 deletion, exon
7 deletion did not affect the nigral neuron numbers, but decreased TH-producing
cells in the locus coeruleus (Von Coelln et al., 2004). Mice with a knock-out of exon
2 exhibited age-related declines in striatal DA and an increase in D1/D2 receptor
binding. Behavioural testing and immuno-labeling of dopaminergic nigral neurons
revealed no abnormalities compared to WT mice (Sato et al., 2006). Overall, parkin
knock-out mice fail to develop a Parkinsonian phenotype, but the different knock-
out models generated may provide means to examine the role of parkin in protein
turnover, oxidative stress, and mitochondrial dysfunction.

PTEN-Induced Kinase-1 (PINK1) Mutations

The protein PTEN-induced putative kinase 1 (PINK1) was identified to be gene-
associated with the PARK6 locus on chromosome 1p36 that is linked to a rare
familial form of PD (Valente et al., 2004). Mutations in the PINK1 are a com-
mon cause of autosomal recessive PD (Hatano et al., 2004). PINK1 contains 8
exons and encodes a protein of 581 amino acids with a mitochondrial targeting
motif and a serine—threonine protein kinase domain. Most reported mutations were
distributed throughout the serine—threonine protein kinase domain. Thus, loss of
function of kinase activity of PINKI1 is the most probable disease mechanism
(Silvestri et al., 2005; Valente et al., 2004). To date, no mammalian in vivo stud-
ies of PINK1 loss of function have been reported. However, PINK1 loss-of-function
mutants in Drosophila result in mitochondrial morphological defects in the male
germline, muscle, and DA neurons as well as reduced ATP content (Park et al.,
2006). These phenotypic effects were attributed to severe mitochondrial dysfunction
such as enlargement and fragmentation of christae.

DJ-1 (PARK7) Mutations

The PARK?7 locus, localized on chromosome 1p36, has been linked with autoso-
mal recessive early-onset PD. Recent studies have identified mutations in the DJ-1
gene, associated with the PARK?7 locus (Bonifati et al., 2003). The first mutations
described were a large chromosomal deletion in a Dutch family and a L166P point
mutation in an Italian family (Bonifati et al., 2003). DJ-1 is a highly conserved
and ubiquitous protein that is widely expressed in both neurons and glia (Bader
et al., 2005). DJ-1 knock-out mice show motor impairments and nigrostriatal DA
dysfunction associated with reduced DA overflow, resulting in increased reuptake
of DA by the DAT (Chen et al., 2005; Goldberg et al., 2005). In agreement with
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the observations that DJ-1 knock-out mice have enhanced DA reuptake capacity,
DJ-1 knock-out mice have enhanced sensitivity to MPTP, which led to increased
striatal DA denervation (Kim et al., 2005; Manning-Bog et al., 2007). However,
DJ-1 knock-out mice lack SN degeneration, suggesting that loss of DJ-1 function
might confer increased susceptibility to Parkinsonism as a result of underlying SN
dysfunction.

LRRK?2/Dardarin Mutations

Genomewide linkage analysis of a Japanese family with autosomal dominant PD
identified a linkage with a genetic locus located on chromosome 12, which has
been termed PARKS (Funayama et al., 2002). Mutations in the leucine-rich repeat
kinase 2 gene (the protein has been named dardarin) have been identified in families
with autosomal dominant late onset PD (Paisan-Ruiz et al., 2004; Zimprich et al.,
2004a, b). The neuropathology associated with LRRK2 mutation consists of nigral
neuronal degeneration and gliosis but with variable intraneuronal protein inclusions
including LB, tau-positive NFTs, ubiquitin-positive intranuclear and cytoplasmic
inclusions, or the absence of distinctive inclusions/aggregates (Funayama et al.,
2002; Giasson et al., 2006; Khan et al., 2005; Rajput et al., 2006; Ross et al., 2006;
Wszolek et al., 2004). These observations have led to the suggestion that LRRK2
could be a critical central regulator of protein aggregation and deposition relevant to
a wide array of neurodegenerative disorders (Taylor et al., 2006). Within the nigros-
triatal pathway, LRRK2 is localized at high levels to medium-sized spiny output
projection neurons, cholinergic interneurons, and various GABAergic interneuronal
subtypes in the caudate putamen, but at markedly lower levels in DA neurons of
the SNc (Biskup et al., 2006; Higashi et al., 2007a, b). Drosophila LRRK?2 mutants
displayed reduced female fertility and fecundity, impaired locomotor activity, and
a progressive reduction in TH immunostaining and aberrant morphology in certain
DA clusters despite normal numbers of DA neurons (Lee et al., 2007). These results
suggest that LRRK?2 is critical for the integrity of dopaminergic neurons and intact
locomotive activity in Drosophila.

3.3 Nonhuman Primate Models

Initial primate models were developed by using toxins that specifically targeted
DA neurons, the most successful of which was MPTP (Langston et al., 1984a).
In monkeys, MPTP produces an irreversible and severe Parkinsonian syndrome
characterized by all of the features of PD, including tremor, rigidity, slowness
of movement, postural instability, and freezing. In these animals, the beneficial
response to levodopa and development of long-term motor complications to medi-
cal therapy, namely dyskinesias, are virtually identical to those seen in PD patients
(Bezard et al., 2001; Jenner 2003; Langston et al., 1984a). The findings that
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the MPTP nonhuman primates exhibit cognitive deficits and autonomic distur-
bances comparable to patients with PD (Goldstein et al., 2003; Schneider and
Pope-Coleman, 1995) bring this model closer to the idiopathic PD.

Mutations in the a-synuclein gene have been shown to cause familiar PD, sug-
gesting that abnormal accumulation of a-synuclein may trigger neurodegeneration
(Polymeropoulos et al., 1997). Inasmuch as one of the limitations of the MPTP
nonhuman primate model of PD is the absence of the progressive development of
the a-synuclein pathology that is the hallmark of idiopathic PD, overexpression of
a-synuclein was recently achieved in nonhuman primates. Indeed, unilateral injec-
tion of human a-synuclein expressing viral vectors into the SN of adult marmosets
caused selective loss of DA neurons accompanied by a-synuclein-positive cyto-
plasmic inclusions and degenerative changes in TH-positive axons and dendrites as
well as motor impairment reminiscent of DA denervation (Kirik et al., 2003). This
model did not, however, display the wider clinical Parkinsonian repertoire that can
be elicited in the MPTP-lesioned monkey and was not challenged with levodopa to
test the reversibility of its motor impairment. In addition to valuably complement-
ing the existing nonhuman primate models, this approach will pave the way for the
refining of new therapeutic strategies.

4 Multiple System Atrophy (MSA)

4.1 The Human Disease

Multiple system atrophy (MSA) is a fatal adult-onset neurodegenerative disorder
of unknown etiology characterized by autonomic failure and motor impairment
resulting from levodopa unresponsive Parkinsonism, cerebellar ataxia, and pyrami-
dal signs. Eighty percent of cases show predominant Parkinsonism (MSA-P) due to
underlying striatonigral degeneration (SND), and the remaining 20% develop pre-
dominant cerebellar ataxia (MSA-C) associated with olivopontocerebellar atrophy
(Wenning et al., 2004). These features result from progressive multisystem neu-
ronal loss that is associated with oligodendroglial a-synuclein inclusions (Lantos
1998). There is a lack of effective therapies particularly for the motor features of
MSA. Most patients deteriorate rapidly and survival beyond 10 years after disease
onset is unusual. MSA is less common than PD as epidemiological studies esti-
mate a prevalence of 1.9—4.9 people per 100,000 (Chrysostome et al., 2004; Schrag
etal., 1999).

Histopathologically, there is variable neuron loss in the striatum, SNc, cere-
bellum, pons, inferior olives, and intermediolateral column of the spinal cord.
Glial pathology includes astrogliosis, microglial activation, and argyrophilic oligo-
dendroglial cytoplasmic inclusions (GCIs) (Papp et al., 1989). In MSA brains,
a-synuclein aggregates in the cytoplasm, axons, and nuclei of neurons, and in the
nuclei of oligodendroglia (Benarroch 2002; Fearnley and Lees 1990; Lantos 1998;
Wenning et al., 1997). Thus, in contrast to neuronal a-synuclein inclusions in PD,
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MSA is also characterised by oligodendroglial a-synuclein inclusion pathology,
suggesting a unique but poorly understood pathogenic mechanism that could ulti-
mately lead to neuron loss via disturbance of axonal function (Wenning et al., 2008).

4.2 Rodent Animal Models

Inasmuch as the major, although not the only, histopathological feature of MSA-P
is nigral and striatal degeneration, the most evident and direct approach to generate
animal models of this disease is with double nigral and striatal lesions using specific
toxins. This can be achieved by either stereotaxic or systemic lesions. Stereotaxic
lesions are essentially performed unilaterally to obtain impairment in paw reach-
ing behaviour and a rotational behaviour induced by either amphetamine or the DA
receptor agonist apomorphine. In this case, SNc lesion is done simultaneously or
before striatal lesion. For this, DA neurons within the SNc can be stereotaxically
lesioned with 6-OHDA applied within the striatum or the MFB. Striatal lesion is
usually obtained by stereotaxical injection within the striatum of quinolinic acid
(QA). QA is a tryptophan metabolite and a glutamate NMDA agonist with potent
excitotoxic effects. Once injected into the striatum QA preferentially induces loss
of medium spiny GABAergic neurons, that constitute 90% of the striatal neurons,
while sparing most of the remaining interneurons (Figueredo-Cardenas et al., 1998;
Foster et al., 1983; Ghorayeb et al., 2001; Stone 1993). This model was first devel-
oped by the group of Wenning et al. (1996) that administered 6-OHDA into the
left MFB of male Wistar rats, followed 3—4 weeks later by intrastriatal injection of
QA into the ipsilateral striatum. The model was used to test the potential efficiency
of striatal fetal allografts derived from striatal primordium alone or combined with
cografts of ventral mesencephalon. They showed that cografted rats have a reduc-
tion in amphetamine-induced rotation but do not improve deficits of more complex
behavior. These stereotaxic unilateral double lesion approaches were instrumental
in evaluating neuroprotection efficiency and transplantation strategies but they bear
several drawbacks as they are invasive, with immediate histological consequences,
as opposed to the progressive nature of the disease, and they do not mimic the
clinical symptoms observed in the human pathology.

Some of these limitations may be circumvented with systemic lesions that
have also been extensively performed to produce animal models of this disorder
and that provide a more dynamic approach of the neurodegenerative process and
the subsequent behavioural consequences (Fernagut et al., 2004; Stefanova et al.,
2003). In these approaches, DA neurons are degenerated following MPTP systemic
injection that induces PD-like syndromes in several species including mice and
primates (Burns et al., 1983). Selective damage of the striatum is obtained with
3-nitropropionic acid (3-NP), a mycotoxin inhibitor of succinate dehydrogenase
(SDH) in most species Przedborski (Alexi et al., 1998; Brouillet et al., 1999), and
thus that induces metabolic failure by inhibiting mitochondrial respiration (Alexi
et al., 1998; Brouillet et al., 1999; Brouillet and Hantraye 1995; Guyot et al., 1997,
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Ludolph et al., 1991). The susceptibility, nature (apoptotic or necrotic), and extent of
the striatal damage depend upon the species, animal strain, age, dose administered,
and administration schedule (acute versus chronic) (Alexi et al., 1998; Ouary et al.,
2000; Pang and Geddes 1997). In mice, 3-NP produces an acute early oxidative
stress followed by an apoptotic striatal neuronal death in the following days (Kim
and Chan 2001). Mice lesioned with this protocol developed severe and long-lasting
motor disorders as assessed with rotarod, pole test, and general locomotor activity
measures. Striatal and nigral damage were also evident with significant neuronal
loss and astroglial activation (Fernagut et al., 2004).

In general, these double-lesion approaches are considered by many to be too sim-
plistic as they fail to model the MSA pathology closely. For instance, the lesional
approach does not induce GClIs inclusions, one of the hallmarks of MSA that is
believed to be involved in neurodegeneration (Papp et al., 1989). In this line, the dis-
covery that GClIs contain a significant level of a-synuclein (Spillantini et al., 1998b;
Wakabayashi et al., 1998) has led to the development of transgenic animal models
overexpressing this protein under the control of the proteolipid-protein (Kahle et al.,
2002) or the 20,30-cyclic nucleotide 30-phosphodiesterase promoter (Yazawa et al.,
2005). However, none of the generated mice showed a major degeneration in the
nigrostriatal pathway although some showed a moderate loss of nigral DA neurons.

Another drawback to the use of the double-lesion models is that neurotoxins can
interact, rendering it difficult to control and replicate the extent of the lesion. To
overcome these interactions, a model striatonigral degeneration which uses a single
unilateral administration of 1-methyl-4-phenylpyridinium ion (MPP") into the rat
striatum has been developed (Ghorayeb et al., 2002). This resulted in both nigral
and striatal degeneration and motor behaviour impairments in relation to this double
degeneration.

Researchers also applied 3-NP to a-synuclein transgenic animals hoping to
induce striatal degeneration as well. These lesioned transgenic mice showed severe
loss of nigral and striatal neurons in addition to astrogliosis and microglial activa-
tion reminiscent of the pathology of MSA and thus are considered to be closer to
the human disease; they are currently used to test the efficiency of neuroprotective
agents (Stefanova et al., 2008).

The fortuitous discovery that transgenic mice overexpressing the a1B-adrenergic
receptor bear several features in common with MSA, spurred curiosity among
researchers, as implication of the NE transmission in the pathogenesis of MSA was
never previously suspected (Zuscik et al., 2000). Although the group that has devel-
oped these mice do acknowledge that MSA is not due to a mutated form of this
receptor, this transgenic model may nevertheless be useful in dissecting the neuro-
transmission pathway that might be implicated in this disease. Transgenic mice for
this receptor show prominent cerebellum and medulla neurodegeneration as well
as moderate to significant degeneration in the basal ganglia, periaqueducal gray,
spinal cord, thalamus, and cerebral cortex. Brain regions showed positive staining
for ubiquitin and a-synuclein, two proteins typically found in inclusion bodies, and
caspase-3 expression was documented in the white matter tracts of the striatum
and cerebellum. Behaviourally, these transgenic mice had reproductive problems,
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reduced weight, and reduced locomotor activity that was age related. In addition,
these mice showed increased seizures with age and a generalized pattern of brain
damage not found in MSA.

4.3 Primate Animal Models

The first effort to model SND as the core neuropathology underlying MSA-P in
nonhuman primates was based on the use of selective nigral and striatal neurotox-
ins, as previously performed to mimic PD and Huntington’s disease in monkeys
(Brouillet et al., 1999; Langston et al., 1984a). Systemic and sequential chronic
administration of the mitochondrial inhibitor 3-NP and MPTP in one nonhuman pri-
mate reproduced levodopa-unresponsive Parkinsonism and SND-like pathological
changes characteristic of MSA-P (Ghorayeb et al., 2000). Indeed, the administration
of MPTP induced a marked levodopa-sensitive Parkinsonian syndrome associated
with akinesia, bilateral rigidity, and flexed posture as well as tremor episodes. The
subsequent chronic intoxication with 3-NP resulted in a progressive further deteri-
oration of the motor status, and, after the appearance of lower limb dystonia and an
abrupt aggravation of Parkinsonism, the dopaminergic responsiveness disappeared
except for levodopa-induced orofacial dyskinesias. Histopathologically, this sequen-
tial intoxication produced a severe degeneration of the SNc and of the dorsolateral
putamen and head of the caudate nucleus comparable with that found in MSA-
P. Although this double-lesion primate model of SND may serve as a preclinical
testbed for the evaluation of novel therapeutic strategies in MSA-P, its reliability
and validity were not tested further.

5 Amyotrophic Lateral Sclerosis (ALS)

5.1 The Human Disease

Amyotrophic lateral sclerosis (ALS) is one of the major forms of motor neuron dis-
ease (MND), a heterogeneous group of degenerative disorders causing progressive
motor neuron death leading to paralysis and death. Amyotrophic lateral sclerosis is
a relatively rare disease with a reported population incidence of between 1.5 and
2.5 per 100,000 per year (Logroscino et al., 2008). This fatal disease results from
the degeneration of motor neurons in the motor cortex, brainstem, and spinal cord.
The pathogenesis of MND is poorly understood and may include genetic and/or
environmental factors, with a common end-stage outcome. There are currently no
significant treatments to alter the fatal outcome.

About 10% of ALS cases are familial (FALS), with a Mendelian pattern of inher-
itance. About 20% of these cases are associated with mutations in the copper/zinc
superoxide dismutase 1 gene (SOD1) (Valdmanis and Rouleau 2008). To date, more
than 100 different mutations within all exons of the SOD1 gene and its introns have
been identified as being involved in the development of chromosome 21q-linked
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FALS. The remaining 90% of ALS cases are classified as sporadic (SALS), although
there is accumulating evidence that subpopulations of patients with SALS have
common inherited susceptibility genes (Greenway et al., 2006).

In SALS, degeneration of the corticospinal tracts in the anterior and lateral
columns of the spinal cord is particularly evident. The cytopathology of the affected
motor neurons in SALS is characterized by the following two important intracyto-
plasmic inclusions: the Bunina bodies, which are small eosinophilic intraneuronal
inclusions in the remaining lower motor neurons, are generally considered to be
a specific pathological hallmark of ALS. Although the nature and significance of
Bunina bodies in ALS are not yet clear, the bodies may be abnormal accumulations
of unknown proteinous materials (Okamoto et al., 2008). Skeins-like inclusions
(SLIs) and round hyaline inclusions (RHIs) in the remaining anterior horn cells are
another pathological characteristic finding of ALS. Both inclusions are detected by
ubiquitin immunohistochemistry but are negative for phosphorylated neurofilament
protein and SODI.

In FALS, two types can be discriminated by histopathology. One type of FALS
is neuropathologically identical to SALS, and frequently contains Bunina bod-
ies. The other form of FALS is that showing posterior column involvement in
addition to the pathological features of SALS (Valdmanis and Rouleau, 2008).
Neuropathologically, this entity is characterized by the presence of LB-like hya-
line inclusions (LBHIs) in the anterior horn cells throughout the spinal cord. It is to
be noted that many SOD1-mutated FALS cases are of the posterior column involve-
ment type with neuronal LBHIs and mild corticospinal tract involvement, in contrast
to severe degeneration of the lower motor neurons (Kato, 2008).

5.2 Animal Models

Several rodent animal models of ALS have been generated targeting a set of pro-
teins ranging from the SOD1 gene to genes causing neurofilament abnormalities
or defects in microtubule-based transport (Cozzolino et al., 2008; Julien and Kriz
2006; Kato, 2008). To date, SOD1 mutants are widely considered as the closest
mutants to the human pathology despite the fact that it is still debated how muta-
tions in SOD1 gene may lead to ALS syndromes. In this line, an impressive number
of SODI transgenic rodents expressing various SOD1 mutations have been gener-
ated, most replicating rather efficiently many behavioural and anatomical features
of ALS. Because the pathology is believed to be due to a gain of function follow-
ing SODI mutation, the main difference in these lines seems to be the number of
copies of SOD1 mRNA expressed. Indeed, the toxicity of the SOD1 mutation does
not seem to be related to a decreased enzymatic activity as some mutants actually
show an increased activity whereas knock-out animals for SOD1 show almost no
motor neuron death (Reaume et al., 1996).

Studies on transgenic mice expressing various SOD1 mutants have generated a
wealth of information. Although no clear picture can be drawn, it is now admitted
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that multiple cascades of events are involved in motor neuron death that are inde-
pendent of the enzymatic activity involving the copper catalytic site but related to
the aggregation of misfolded mutant SOD1 (Chou et al., 1998; Hyun et al., 2003;
Jonsson et al., 2004; Takamiya et al., 2003). How this is related to the events
leading to neuron death is yet to be determined, especially given the wide variety
of biochemical alterations ranging from excitotoxicity through alerted glutamate
transmission, oxidative damage, defects in calcium homeostatsis, caspase activa-
tion, mitochondrial malfunction, and cytoskeleton alterations (Guegan et al., 2001;
Howland et al., 2002; Liu et al., 2004; Swerdlow et al., 1998; Van Den Bosch
et al., 2006). The level of expression of SOD1 seems to be proportional to the life
span of the animals; that is, the more copies they express, the shorter time they
live, with some animals having up to 40 times increase in the mRNA levels of
SOD1 (Jonsson et al., 2006). A caveat of this approach is that one can question
the validity of such models inasmuch as high levels of SODI protein can pro-
duce histopathological artefacts such as the formation of vacuoles. Another factor
that should be considered regarding the SOD1 protein is its stability and degrada-
tion rate especially in the spinal cord so that even with low levels of protein some
mutants show significant motor neuron loss (Sato et al., 2005). This further bolsters
the protein aggregation hypothesis as a key element in the histopathology of the
disease.

Most of the SOD-1 transgenic mice express motor deficits that start with a mild
tremor followed by atrophy of hind limb muscles ultimately leading to a complete
paralysis where mice can no longer sustain themselves and are thus sacrificed. The
early histopathological feature in SOD1 transgenic mice is formation of perikarya,
axonal, and dendritic vacuoles (Wong et al., 1995) that appear before neuronal loss
and astrocytosis as early as 4-6 weeks of age in the G93A mice where glycine is
substituted to alanine at position 93 (Zhang et al., 1997). At this time-point, mice
are still asymptomatic as the first symptoms appear at 3 months of age when loss
of large motor neurons is observed in the spinal cord with massive vacuolization.
At 5 months of age, mice are paralyzed most probably due to the substantial loss of
motor neurons accompanied by marked gliosis, intracellular inclusions reminiscent
of LB, and phosphorylated neurofilaments filling few motor neurons (for a review
of cell death features in ALS see Cleveland, 1999).

Nonneuronal abnormalities are also thought to be involved in ALS (Bruijn et al.,
1997; Howland et al., 2002; Lin et al., 1998; Nagai et al., 2007; Rothstein et al.,
1995). For instance, altered reuptake of glutamate by astrocytes through gluta-
mate transporter EAAT2 was observed in mice or rats expressing mutant SOD1
(Vermeiren et al., 2006). This should lead to increased extracellular glutamate
and thus substantial activation of glutamate receptors and subsequent increase in
intracellular Ca++ homeostasis. Increased cytokine levels indicating inflammatory
processes through microglial activation were also reported in transgenic SODI
mutant mice (Hensley and Floyd, 2002) and in human tissues (Henkel et al.,
2004) suggesting that motor neuron degeneration implicates the inflammation pro-
cesses. As mentioned above, motor neurons of ALS patients contain spheroids
that are axonal inclusion bodies essentially composed of intermediate filaments.
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Neurofilament and peripherin mutations were reported in rare forms of ALS (Gros-
Louis et al., 2004; Leung et al., 2004), leading researchers to develop animal models
bearing these mutations (Millecamps et al., 2006). Although these mice devel-
oped no evident MND, some exhibited moderate sensorimotor and spatial deficits
probably due to the observed reduction in conduction velocity.

Patients with an autosomal recessive form of juvenile ALS show deletion muta-
tions in ALS2 gene coding for alsin, a protein that seems to be involved in the Ras
transduction pathway (Yang et al., 2001). ALS2 knock-out mice, however, show
mild behavioural abnormalities especially in motor coordination accompanied by
discrete and age-related loss of cerebellar Purkinke cells (Cai et al., 2008).

Presently, there is no currently available nonhuman primate model of ALS.
Transgenic rodent models that exhibit many of the pathological changes in human
ALS provide useful tools for drug testing and essays of genetic manipulations as
no effective treatment for ALS has yet been found. Animal models with lower gene
copy number encoding the mutant SOD1 proteins and with slower and later onset of
disease may prove more appropriate to the human pathology. In addition, one might
also question the validity of the mutant SOD1 mice as models of gene defects that
account for only 2% of ALS cases.

6 Huntington’s Disease (HD)

6.1 The Human Disease

Huntington’s disease (HD) is an inherited autosomal dominant progressive neu-
rodegenerative disease that is commonly diagnosed at the age of 35-50 years.
Typically, onset of symptoms is in middle age, but the disorder can manifest
at any time between infancy and senescence. Its prevalence in North America
and Europe varies between 0.5 and 10/100,000; it is highest in populations of
western European origin and lowest in African and Asian populations (Harper,
1992).

The underlying genetic cause is an expanded trinucleotide CAG repeat of more
than 36 units in the IT15 (for “interesting transcript”) gene encoding the hunt-
ingtin (HTT) protein in chromosome 4 (1993). This will lead to the production
of mutant HTT protein with an abnormally long polyglutamine residue (polyQ).
The disease occurs when the critical threshold of about 37 polyQ is exceeded.
One important characteristic of HD pathology is the vulnerability of a particu-
lar brain region, the caudate—putamen, despite similar expression of the mutated
HTT protein with expanded polyQ in other brain areas. The ensuing degenera-
tion with atrophy, neuronal loss, and gliosis, initially involves the striatum, then
the cerebral cortex, and eventually degeneration may appear throughout the brain
as a constellation of the toxic effect of the mutation and the ensuing secondary
changes (Albin, 1995; Vonsattel et al., 2008). Interestingly, not all striatal cells
are equally affected by the degenerative process. Immunocytochemical studies
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combined with neurochemical analysis have consistently shown that HD prefer-
entially affects the GABAergic medium-sized spiny neurons, leaving the other
subpopulations of striatal cells largely unaffected, at least in the early course of the
disease (Cicchetti et al., 1996). Given that these neurons constitute up to 90% of the
striatal neurons in total, the consequences of this degeneration are devastating (Jaber
et al., 1996).

The actual causative pathway from the HD gene mutation to neuronal dys-
function and loss has not yet been established but two pathogenic processes have
been suggested as the basis for neurodegeneration in HD. One process involves
interaction of mutant HTT with other proteins to confer a toxic gain of func-
tion. Alternatively, mutant HTT might homodimerize or heterodimerize to build a
poorly soluble HTT protein that aggregates within ubiquitinated neuronal intranu-
clear inclusions and dystrophic neuritis in the HD cortex and striatum (DiFiglia
etal., 1997).

Clinically, HD is increasingly recognized as a phenotypically heterogeneous
disorder. Its motor features can be conceptually divided into positive and nega-
tive. Positive motor features are those characterized by excessive movement, such
as chorea and dystonia; conversely, negative motor signs describe a poverty of
movement, including bradykinesia and apraxia. These motor symptoms, along with
personality changes and cognitive decline, form the classic triad of HD symptoms.
Myoclonus, tics, and tremor can also occur as part of the clinical spectrum of HD
as well as choreoathetotic movements in the oro-bucco-facial regions that progres-
sively interfere with the voluntary control of vocalisation, chewing, and swallowing.
General intellectual abilities show a mild diffuse impairment within one year of
onset of overt motor signs, but as the disease progresses, a more severe exacerba-
tion of the early impairments produces a general intellectual state that will approach
the range of mental retardation. The diagnosis of HD is established on the basis
of genetic testing and to date there is no treatment available to modify the natural
course of the disease.

6.2 Rodent Animal Models

Mouse models of HD can be classified into several different categories: (1) trans-
genic mice expressing exon-1 fragments of the human HTT gene containing polyQ
mutations in addition to both alleles of murine wild-type huntingtin (Hdh); (2)
knock-in mice with pathogenic CAG repeats inserted within the existing murine
Hdh gene; and (3) mice that express the full-length human HTT gene in addition to
the murine Hdh.

The first reported transgenic HD mouse was the R6 mouse that overex-
presses exon 1 of the mutated human HTT gene under the control of the human
corresponding promoter (Mangiarini et al., 1996). This inserted gene harbored up to
120-150 CAG-repeats and the transgene is expressed at 31% of endogenous levels.
These mice show a slow progression of the disease and limited nuclear inclusions.
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Many lines of R6 mice were generated afterwards; they differed mostly by the length
of the repeats and by the level of expression of the transgene. To date, the most used
mice are probably the R6/2 mice that contain 150 CAG repeats and that express
the transgene at 75% of endogenous levels although the R6/1 line, with a lower
number of repeats and expression rate, shows a more progressive course of disease.
The R6/2 mice show weight loss and progressive and homogeneous motor deficits
that start as early as 5-6 weeks and that become overt by 8 weeks (Carter et al.,
1999). These behavioural phenotypes include tremor, clasping, convulsions that can
be quantified on rotarod tests, grip strength, and general locomotor activity assess-
ment. Life expectancy of these mice is rather short (death occurs at 10-15 weeks of
age), probably due to the extensive length of the CAG repeats which lead researchers
to draw a parallel with the juvenile form of HD. Survival rates of R6/2 mice were
used by researchers in neuroprotective studies and were shown to correlate well with
improved motor behaviour (Dedeoglu et al., 2003; Jin et al., 2005). Histologically,
these mice show cortical cerebellar and striatal atrophy, but with very little if any cell
loss (Turmaine et al., 2000). Protein aggregates and inclusions containing ubiquitine
and HTT proteins were also observed but with an extent and distribution beyond
what is found in HD (Davies et al., 1997). In addition, the HTT protein was found
within the nucleus of cortical and subcortical neurons as also found in postmortem
studies of HD patients’ brain and other CAG-repeat diseases (DiFiglia et al., 1997;
Gutekunst et al., 1999). Interestingly, as shown by the team of A. Hannan, these
mice when raised in an enriched environment show marked behavioural recovery
and reduced volume loss implicating environmental conditions in this archetypical
genetic disorder (reviewed in Laviola et al., 2008). Another line of mice in this cat-
egory is the N171-82Q mice that harbor a longer N-terminal fragment of HTT than
R6/2 mice with 82 polyQ (Schilling et al., 1999). These mice show striatal atrophy
and a greater degree of cell loss but with more heterogeneity in the phenotype than
R6/2 mice.

Interestingly, a rat model of transgenic HD with a truncated HTT fragment with
51 repeats under the control of the native HTT promoter exhibits adult-onset neu-
rological phenotypes with progressive motor dysfunction and typical pathological
alterations in the form of nuclear inclusions in the brain and shrinkage in striatal
volume as well as reduced glucose consumption (von Horsten et al., 2003). The dis-
tribution of nuclear inclusions is rather limited as they were observed mainly in the
striatum and globus pallidus; neuronal loss is moderate. These rats show progressive
weight loss and die prematurely.

The second category of mice with insertions of repeats within the mouse HTT
gene showed a discrete behavioural phenotype that was evident only when measures
were performed during the night cycle, that is, when mice are known to be gener-
ally more active (Menalled and Chesselet, 2002). The mice with 111 CAG repeats
inserted into the murine HD gene have a progressively developing nuclear pheno-
type that is specific for striatal neurons (Wheeler et al., 2000). These ubiquinated
nuclear inclusions are seldom found in 10-18-month-old mice. Some reactive glio-
sis was reported but with no cell loss or reduction in the brain volume whatever the
region.
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Several lines of mice belonging to the third category (i.e, that harbor the full-
length IT15 gene) have been generated. The HD48Q and HD89Q transgenic mice
have an insertion of the full-length human IT15 gene under the control of the
cytomegalovirus promoter (CMV). They show a progressive behavioural phenotype
and striatal but also Purkinje neuronal loss, with a small degree of nuclear inclusions
(Reddy et al., 1998).

Alternative cloning vectors have been developed; they can be used for genomic
fragments of up to 2 mb for the yeast artificial chromosomes (YAC) (Slow et al.,
2003) and up to 100 kb for bacterial artificial chromosomes (BAC) (Giraldo and
Montoliu, 2001). The YAC transgenic mice expressing the human IT15 gene with
48-128 repeats show a slow disease progression with motor abnormalities that range
from initial hyperactivity, to impaired motor coordination and finally to hypokinesia.
These behavioural changes are accompanied by almost exclusive striatal cell loss as
well as nuclear and neuropil aggregates but in a lesser extension than the R6/2 mice.
The BAC mice with 226 CAG repeats show tremor, head bobbing, and curling at
3 months of age followed by hypoactivity at 6 months of age, then death. Selective
striatal and cerebral cortex neuronal loss was documented.

6.3 Invertebrate Animal Models

Drosophila and Caenorhabditis elegans animal models were also used by
researchers for screening purposes of genes and pathways that might be involved
in neurodegenerative diseases or that might help manage the disorder. The use of
these simple models, that present nevertheless several features of neuronal functions
in higher organisms, has increased recently as they offer a unique opportunity to
dissect detailed mechanisms related to the development of neurodegenerative disor-
ders. The first reports of polyQ repeat reported insertions of fragments of the human
HTT gene that resulted in perinuclear cytoplasmic protein aggregation with repeats
up to 150-fold but not with a lower number of repeats (2-95) (Faber et al., 1999;
Satyal et al., 2000). This model has been used to identify evolutionary conserved
suppressors of polyQ toxicity such as PQE-1 which invalidation exacerbated neu-
rodegeneration and cell death and which overexpression was protective (Faber et al.,
1999).

PolyQ insertions in Drosophila animal models yielded cell death and aggregate
formation. Suppressor screen studies identified protein folding and clearance, RNA
maturation, and gene expression as essential steps in HD (Kazemi-Esfarjani and
Benzer, 2000). Indeed, two suppressors were identified that contain a chaperone-
related J domain. One suppressor gene, dHDJ1, is homologous to human heat
shock protein 40/HDJ1 whereas the second, dTPR2, is homologous to the human
tetratricopeptide repeat protein 2.

However, caution needs to be exercised when interpreting results obtained in
these simple animal models as they do not express the mutant gene in the same
cellular phenotype as in humans and intracellular pathways can sometimes be very
different from higher model organisms.
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6.4 Primate Animal Models

6.4.1 Lesioning Approaches

Earlier studies of HD most often used direct intrastriatal injection of kainaite or
QA, anon-NMDA, and NMDA glutamate agonists, to mimic the axon-sparing stri-
atal lesion observed in HD (Ferrante et al., 1993; McGeer and McGeer, 1976).
However, as excitotoxic striatal lesions do not elicit persistent spontaneous motor
symptoms this has led to the generation of toxin-induced models to study mitochon-
drial impairment and excitotoxicity-induced cell death, which are both mechanisms
of degeneration seen in the HD brain. These models, most of them based on 3-NP
lesioning, are often used in HD studies (Brouillet et al., 1999). Interestingly, whereas
the neurodegenerative effects were preferentially localized within the striatum, the
decrease in SDH activity for a given dose of 3-NP was shown to be homogeneously
distributed throughout the brain (Brouillet et al., 1998). The toxic effects of 3-NP
in the human were first discovered when farmers from China ingested sugarcane
contaminated with the fungus Arthrinium. The metabolism of this fungus produces
3-NP which invariably caused cell death in the caudate and putamen with conse-
quent appearance of persistent and severe dystonia in these intoxicated individuals
(Ludolph et al., 1991).

Systemic injection of 3-NP in nonhuman primates showed that a partial but pro-
longed energy impairment induced by the toxin is sufficient to replicate most of the
clinical and pathophysiological hallmarks of HD, including spontaneous choreiform
and dystonic movements, frontal-type cognitive deficits, and progressive hetero-
geneous striatal degeneration with preferential degeneration of the medium-sized
spiny GABAergic neurons and a relative sparing of interneurons and afferents, as
observed in HD striatum (Brouillet et al., 1999).

6.4.2 Genetic Approaches

Genetic approaches using either local transfer of mutated HTT into the monkey
striatum (Palfi et al., 2007) or, more interestingly, gene introduction into oocytes
(Yang et al., 2008) seem to be the way forward in establishing HD models which
closely replicate the pathogenesis of the human disease. By inserting a virus vec-
tor carrying part of the mutated human HTT gene, with 84 CAG repeats, into
unfertilised monkey egg cells, a transgenic model of HD in a rhesus macaque that
expresses polyQ-expanded HTT was developed. Hallmark features of HD, includ-
ing nuclear inclusions and neuropil aggregates, were observed in the brains of this
model. Additionally, the transgenic monkeys showed important clinical features of
HD, including dystonia and chorea (Yang et al., 2008). Because the nonhuman pri-
mates show neuroanatomical and behavioural characteristics that closely resemble
those of humans, a transgenic model in monkeys may prove to be the gold-standard
animal model of neurodegenerative diseases and pave the way to generating nonhu-
man primate models for other neurological conditions that are caused by single-gene
mutations, such as familial forms of PD, AD, and ALS.
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7 Conclusion

The tremendous amount of research focused on animal models of neurodegenerative
diseases, and the impressive amount of data generated, clearly illustrate the signif-
icance of their use as a valuable research tool. However, research performed so
far has also highlighted discrepancies between models and human neuropathology
leading to question the pertinence of some of these findings to human disorders.
As detailed above, a given pathology can be mirrored by numerous different ani-
mal models and determining which data obtained from these models are relevant to
human pathology is problematic. Indeed, a mouse model simply carrying a human
mutation or lesion is far from replicating the constellation of clinical symptoms,
the pathogenic cascades, and the neuroanatomic and neuropathological changes
observed in human pathology. This is especially true when the human pathology has
no spontaneous equivalent in animals, which the case for most neurodegenerative
disorders.

In addition, the nature of the alteration performed in these models to mimic a
neurodegenerative disorder, as well as features inherent to the animal models and
their housing conditions, also constitute a drawback. For instance, animal models
are often young males that are of an inbred species, thus almost genetically identi-
cal, and living in a very standardized environment. This is hardly the case of patients
suffering from a neurodegenerative disorder. Given the tremendous amount of data
currently available pointing to the implication of gender and gene/environment
interactions in modulating brain function, one must use caution before translating
findings in these animal models to human disorders (Laviola et al., 2008).

Furthermore, the question addressed and the methodology used in the explo-
ration of animal models are among the main factors of variance between clinical
research, mostly performed on human subjects and postmortem brains, and more
fundamental research on mouse models. A clear and consensus definition of the cri-
teria needed for a given animal model to be considered adequate is hard to reach
among scientists and clinicians even for “straightforward pathologies” such as PD
implicating mainly, but not only, degeneration of the nigral DA neurons or for HD
due to a well-defined genetic mutation. This is due to the wide spectrum of param-
eters defining a disease such as its onset, the related behavioural consequences, and
the underlying neuropathological features, rendering difficult the quest of gener-
ating the ultimate animal model. The challenge of obtaining such an ideal animal
model is even greater in psychiatric disorders where the closest model to a human
pathology is the drug addiction one, as attempts to model complex illnesses such as
schizophrenia or depression remain, at best, unsatisfactory. Animal models are nev-
ertheless still generated, sometimes following exquisite and complex constructions,
mainly because of the complexities of the human brain and of disease processes and
the inherent technical limitations of exploring the human disease by means other
than on postmortem brains. Although medical imagery procedures have gained sig-
nificant and impressive advances this last decade, they do not provide elements to
determine the pathogenesis of a disease or the causal chains involved. Thus, and
despite their current limitations, animal models of neurodegenerative diseases are
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still essential elements in the laborious attempts to determine the etiology of a given
disease, understand its progression, and the relationship between the observed clin-
ical phenotypes and the histological features or hallmarks of the disease. A growing
need is now acknowledged to combine-join-converge research programs between
clinicians and basic researchers who should reach for a consensual language. This
should help extrapolate findings obtained in animal models to the human pathol-
ogy and identify and apply means that will prevent or delay, if not cure, the
disease.
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1 Introduction

The consequences of malnutrition on the central nervous system are diverse and
depend to a significant extent on the stage of development or maturity of the brain
as well as on the severity of the nutritional deficiency. For example, vitamin deficien-
cies result in a wide range of neuropathology and neuropsychiatric symptomatology
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depending upon the nature and extent of the vitamin deficiency. The most com-
mon vitamin deficiency disorders are those associated with the group B vitamins,
particularly thiamine (vitamin Bp). The likelihood of multiple vitamin deficiencies
should be borne in mind.

This review chapter summarizes current knowledge on vitamin deficiencies,
examines the role of vitamins in cellular function, and reviews current mechanisms
involved in the pathogenesis of brain dysfunction in vitamin deficiencies.

2 Thiamine (Vitamin B{)

Thiamine is a water-soluble vitamin and is also known as vitamin Bj, or aneurin
(Fig. 1). Both the pyrimidine and thiazole moieties are necessary for biological
activity, which is maximal when only one methylene group bridges the two moieties.

Fig.1 Structure of thiamine ~ HsC N NH, SI CH,
3N
TRy
5 3 4
N g 2 _N
CHy +
CH,

Thiamine status is influenced by the diet and by a variety of other factors,
including its bioavailability in food products, ethanol consumption, the presence
of antithiamine factors in the diet as well as folate and protein status. Ingested thi-
amine is fairly well absorbed, rapidly converted to phosphorylated forms, stored
poorly, and excreted in the urine in a variety of hydrolyzed and oxidized products
(TanPhaichitr et al., 1999).

In developed countries, clinical thiamine deficiency occurs most commonly in
alcoholics and in patients with grossly impaired nutritional status associated with,
for example, gastrointestinal disease or AIDS (Butterworth, 2006). Thiamine defi-
ciency may result from inadequate dietary intake of the vitamin. Chronic alcohol
consumption can result in thiamine deficiency by causing inadequate nutritional
thiamine intake, decreased absorption from the gastrointestinal tract, and impaired
thiamine utilization in the cells. People differ in their susceptibility to thiamine defi-
ciency and different brain regions may be more or less sensitive to this condition.
Thiamine deficiency is more common in developing countries where polished rice
is the staple diet. Peripheral nerve damage (neuropathy) is a common consequence
of thiamine deficiency. The neuropathy tends to be worse distally than proximally,
involves myelin more than axons, and is often painful. The neuropathy is linked to
multiple deficiencies of water-soluble vitamins that often occur together in foods
and are known as the vitamin B complex.

— CH,— OH
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2.1 Thiamine Deficiency-Related Neurological Disorders

Beriberi (infantile and adult) and Wernicke’s encephalopathy (WE) are clinical
manifestations attributed to thiamine deficiency. Beriberi is characterized by periph-
eral neuropathy including sensory, motor, and reflex functions affecting the distal
segments of limbs more severely than proximal ones (TanPhaichitr, 1985). WE is
a metabolic disease due to thiamine deficiency and is characterized by lesions in
the thalamus, hypothalamus (including mammillary nuclei), and cerebellum (Victor
et al., 1971; Harper and Butterworth, 1997).

WE is seriously underdiagnosed both in alcoholic and nonalcoholic patients. It
has been estimated that in alcoholic patients, the diagnosis of WE is missed in
up to 80% of cases (Harper, 1979). Similarly, a review of the literature describ-
ing WE patients with HIV-AIDS revealed that 80% of cases had again not been
adequately diagnosed clinically during life (Butterworth et al., 1991). The princi-
pal reason for its consistent underdiagnosis results from the overuse of the classical
textbook definition of WE which requires that a triad of neuropsychiatric symp-
toms (ophthalmoplegia, ataxia, global confusional state) be present for diagnosis. In
practice, it is rare that this triad of symptoms is present; rather, many patients diag-
nosed subsequently with WE present only with psychomotor slowing or apathy. In
the meantime, a definitive diagnosis of WE can nowadays be accurately made using
magnetic resonance imaging (MRI) (Charness and DeLaPaz, 1987).

Korsakoff’s psychosis is considered by some to represent a progression of WE.
It is characterized by a striking loss of working memory with relatively little loss
of reference memory. Prompt treatment of Wernicke’s syndrome with thiamine
is believed to prevent the development of Korsakoff’s syndrome, but the latter
responds little if at all to treatment with thiamine.

Abnormalities of thiamine-related processes have also been reported in a wide
range of neurodegenerative diseases. Brain tissue from patients with Alzheimer
Disease (AD) contains decreased concentrations of thiamine diphosphate (TDP)
(Héroux et al., 1996) and TDPase activities are reduced by up to 60% in this material
(Rao et al., 1993). Furthermore, activities of TDP-dependent enzymes are decreased
in AD brains (Gibson et al., 1988; Butterworth and Besnard, 1990) with activities
of alpha-ketoglutarate dehydrogenase (0KGDH) showing particularly low levels in
patients with both genetic and sporadic forms of the disease. In patients bearing the
epsilon 4 allele of the apolipoprotein E gene, the correlation between a KGDH activ-
ity and clinical dementia rating is 0.7 (Gibson et al., 1988). Amyloid-f peptide (Af)
is an important component of senile plaques in AD. There is increasing evidence
to suggest that excess AP production is the cause of AD and a recent study showed
that exposure of isolated brain mitochondria to AR caused a significant reduction
in activities of the thiamine-dependent enzymes « KGDH and pyruvate dehydroge-
nase complex (PDHC) (Casley et al., 2002; see Section 2.2.1), suggesting that these
changes contribute to neuronal cell death in AD. Reduced activities of t KGDH have
also been described in Parkinson’s disease (Mizuno et al., 1994) and progressive
subnuclear palsy (Albers et al., 2000).
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Several thiamine antagonists including oxythiamine, pyrithiamine, and
amprolium cause thiamine deficiency in animals. The most extensive studies of thi-
amine deficiency in laboratory animals have utilized rats and mice. Dietary thiamine
deficiency is induced with artificial diets complete in all food stuffs except thiamine.
Because thiamine deficiency induces loss of appetite, each control animal must be
pair-fed to equal food consumption by the thiamine-deficient group of animals. The
thiamine antagonists oxythiamine and pyrithiamine are converted to catalytically
inactive pyrophosphates that compete for TDP binding sites on the enzymes. Mice
fed with combinations of pyrithiamine and a low-thiamine diet develop abnormal
neurological responses within 5-7 days and overt neurological symptoms by day 8
or 9; death often occurs by day 10. In pyrithiamine-treated rats, abnormalities of
motor performance occur by day 3, additional neurological symptoms by day 12,
and death within 2 weeks (Butterworth, 2006).

2.2 Thiamine and Cell Metabolism/Function

2.2.1 Thiamine as Enzyme Cofactor

Thiamine uptaken into the cell is phosphorylated to TDP by the enzyme thiamine
pyrophosphokinase. TDP is then further phosphorylated to thiamine triphosphate
(TTP) or is dephosphorylated to thiamine monophosphate (TMP).

Evidence suggests that thiamine phosphorylation/dephosphorylation is a com-
partmentalized process in the brain. Thiamine phosphate esters are significantly
more concentrated in neurons compared to other brain cells (Laforenza et al., 1988).
Moreover, TDPase activities are twentyfold higher in neurons whereas TMPase is
expressed primarily by glial cells. In nerve terminals, TTP is rapidly synthesized
from TDP by the action of TDP phosphoryltransferase but the TTP ester does not
accumulate to high concentrations; rather it is rapidly hydrolysed to TDP by the
action of TTPase, an enzyme which is also enriched in nerve terminals. Nerve stim-
ulation results in release of thiamine which is mainly in the form of TMP (Cooper
and Pincus, 1979). Taken together, these findings suggest that trafficking of thiamine
and TMP occurs between neurons and astrocytes in brain as shown in a simplified
schematic manner in Fig. 2.

TDP-dependent enzymes include transketolase, an enzyme component of the
pentose shunt pathway, pyruvate dehydrogenase complex, and «KGDH a tricar-
boxylic acid cycle enzyme (Fig. 3). Branched-chain ketoacid dehydrogenases are
also TDP-dependent.

Given the mitochondrial localization of pyruvate and o-ketoglutarate dehy-
drogenase, it is not surprising that thiamine deficiency has multiple metabolic
consequences including lactate accumulation (Peters, 1936; Navarro et al., 2005),
alanine increases (Butterworth and Héroux, 1989), and reduced synthesis of high-
energy phosphates (Aikawa et al., 1984). Inasmuch as an effective tricarboxylic acid
cycle is imperative for the synthesis of neurotransmitters (acetylcholine, glutamate,
GABA) in brain, thiamine deficiency leads to impairments in their synthesis (Gibson
and Blass, 1985; Butterworth and Héroux, 1989; Navarro et al., 2005) (Fig. 3).
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Fig. 2 Intercellular trafficking and thiamine and thiamine esters in brain. TMP: thiamine
monophosphate, TDP: thiamine diphosphate, TTP: thiamine triphosphate, TPKinase: thiamine
pyrophosphokinase
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Fig. 3 TDP-dependent enzymes involved in brain glucose oxidation and the pentose shunt path-
way. Impairment of TDP-dependent enzymes leads to decreased synthesis of neurotransmitters
(acetylcholine, glutamate, GABA, aspartate), cellular energy compromise, and lactate accumu-
lation. PDHC: Pyruvate dehydrogenase complex, «KGDH: o Ketoglurarate dehydrogenase, TK:
Transkelotase
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Addition of thiamine to thiamine-free cellular preparations or to animals early in the
progression of thiamine deficiency results in a rapid normalisation of function and
of neurotransmitter synthesis. This reversible metabolic phenomenon is generally
referred to as the “biochemical lesion” in thiamine deficiency.

2.2.2 Thiamine as a Component of Neural Membranes

Electrical stimulation of a wide range of nerve preparations results in thiamine
release suggesting a role for the vitamin in membrane function that is independent
of its enzyme cofactor role mediated by TDP. TDP is further phosphorylated to thi-
amine triphosphate (Fig. 2). Although its precise role has yet to be elucidated, it has
been proposed that TTP activates high-conductance chloride channels (Bettendorf,
1994). TTP also appears to have regulatory properties on proteins involved in the
clustering of acetylcholine receptors (Gautam et al., 1995).

2.3 Neuronal Cell Death in Thiamine Deficiency

Chronic thiamine deficiency leads to two distinct types of neuropathological lesions.
The first type is characterized by neuronal disintegration, vascular endothelial cell
swelling, and sparing of the neuropil. This type of damage is seen in the thalamus
and inferior olives. On the other hand, destruction of the neuropil, endothelial cell
swelling, and neuronal sparing occur in periventricular brainstem nuclei (Torvik,
1985; Harper and Butterworth, 1997). Several mechanisms have been proposed
to explain the selective neuronal cell damage and loss due to thiamine deficiency.
These mechanisms include cellular energy failure, oxidative/nitrosative stress, focal
lactic acidosis, NMDA receptor-mediated excitotoxicity, and blood-brain barrier
breakdown.

2.3.1 Cellular Energy Failure

Both WE in humans (Butterworth et al., 1993) and experimental thiamine deficiency
(Butterworth and Héroux, 1989) are characterised by decreases in brain concentra-
tions of TDP and a reduction in activities of TDP-dependent enzymes. Prolonged
reduction in activity of «KGDH in the brain due to thiamine deficiency results in a
decreased glucose (pyruvate) oxidation and a switch from tricarboxylic acid cycle
flux to glycolysis in an attempt to maintain high-energy phosphates. This results
in increased synthesis of brain alanine and lactate (Navarro et al., 2005). Studies
of oxidative metabolism in isolated brain mitochondria from thiamine-deficient rats
show decreased respiration using a-ketoglutarate as a substrate but no such changes
in respiration using succinate (Parker et al., 1984). This finding is consistent with
decreased activities of «KGDH (see Fig. 3).

Direct measurement of high-energy phosphates in the brains of thiamine-
deficient animals reveals early losses of ATP in brainstem (Aikawa et al., 1984). The
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focal accumulation of lactate in vulnerable brain structures may result in reduced
pH (Hakim, 1984), a situation that is exacerbated following glucose loading of
thiamine-deficient animals (Navarro et al., 2005).

2.3.2 Oxidative/Nitrosative Stress

Accumulation of reactive oxygen species has been reported in the thiamine-deficient
brain (Langlais et al., 1997). Other indicators consistent with oxidative/nitrosative
stress in the brain due to thiamine deficiency include reports of early activation of
microglia (Todd and Butterworth, 1999; Gibson and Zhang, 2002) and increased
expression of inducible nitric oxide synthase leading to increased nitrotyrosine
immunoreactivity in vulnerable brain regions (Calingasan et al., 1998) as well
as reports of increased expression of hemoxygenase-1 and inter-cellular adhesion
molecule-1 (Gibson and Zhang, 2002). There is evidence to suggest that vas-
cular factors also contribute to thiamine deficiency-related brain damage. Such
factors include increases of endothelial nitric oxide synthase (eNOS) (Kruse et al.,
2004). Moreover, targeted disruption (knock-down) of the eNOS gene attenuates
the neuronal cell death in thiamine-deficient mice (Gibson and Zhang, 2002). eNOS
knock-down but not knock-down of iNOS or nNOS leads to a reduction in protein
tyrosine nitration (Beauchesne et al., 2009), suggesting a major role of eNOS as the
source of nitric oxide-related nitrosative stress in thiamine deficiency.

Thiamine-dependent enzymes and processes are modified in the brains of
patients with a wide range of neurodegenerative diseases (see Section 2.1) where
the decline in enzyme activity is linked to the neuropathology and symptoms of
these disorders. In addition to the finding that thiamine deficiency leads to oxida-
tive stress (above), it has been proposed that oxidative stress causes disruption of
thiamine-dependent processes (Gibson and Zhang, 2002). These authors proposed
that the interaction of thiamine with oxidative processes is part of a cascade of events
leading to neurodegeneration and, conversely, the reversal of the effects of thiamine
deficiency by antioxidants together with the amelioration of other forms of oxidative
stress by thiamine suggest that thiamine acts as a site-directed antioxidant.

2.3.3 NMDA Receptor-Mediated Excitotoxicity

The nature of the brain lesions observed in chronic thiamine deficiency resem-
bles those described in excitotoxic brain injury mediated by the NMDA receptor
(Langlais and Mair, 1990). Evidence consistent with a role of excitotoxicity in the
pathogenesis of thiamine deficiency-related brain damage includes the finding of
increased extracellular glutamate in brain regions that are particularly vulnerable to
thiamine deficiency (Hazell et al., 1993) and the report that pretreatment with the
NMDA receptor antagonist MK801 leads to significant neuroprotection (Langlais
and Mair, 1990). One possible explanation for the increased extracellular brain con-
centrations of glutamate in thiamine deficiency is the reported loss in expression of
high-affinity astrocytic glutamate transporters in vulnerable brain regions (Hazell
et al., 2001).
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2.3.4 The Blood-Brain Barrier Disruption

Haemorrhagic lesions are characteristic of experimental thiamine deficiency and
WE in humans indicative of a breakdown of the blood-brain barrier (BBB). A
study using immunoglobulin G (IgG) as an indicator of BBB integrity in thiamine-
deficient rats revealed increased IgG immunoreactivity in the inferior colliculus and
inferior olive prior to the onset of cell death in these regions (Calingasan et al.,
1995). Similar early changes of BBB have been reported in the thiamine-deficient
mouse (Harata and Iwasaki, 1995) microglial activation leading to the release of
reactive oxygen species and cytokines are early cellular events with the potential to
lead to BBB breakdown in thiamine deficiency (Todd and Butterworth, 1999).

3 Pyridoxine (Vitamin Bg)

Vitamin Bg or pyridoxine participates in over 100 enzymatic reactions as the cofac-
tor, pyridoxal phosphate (PLP). It exists in three forms: the alcohol, the amine, or
the aldehyde. Pyridoxal phosphate is an essential cofactor for enzymes involved in
the synthesis of many neurotransmitters.

Pyridoxine has been used to counteract nausea during pregnancy. Mothers who
use pyridoxine supplements give birth to babies with higher pyridoxine require-
ments. Pyridoxine dependency has been reported in some newborns with seizures
and pyridoxine treatment reverses the seizure activity in these infants (Bernstein,
1990). A number of commonly used drugs are pyridoxine antagonists. These
include isoniazid, hydralazine, cycloserine, and penicillamine. Use of these drugs
can result in peripheral neuropathy, seizures, and other neurological sequelae.
Coadministration of pyridoxine reverses these side effects without affecting the effi-
cacy of the initial treatment. MRI and positron emission tomographic studies in
pyridoxine-deficient patients reveal diffuse structural abnormalities with progres-
sive dilatation of the ventricular system and atrophy of the cerebral cortex and white
matter (Gospe and Hecht, 1998; Shih et al., 1996). Pyridoxine deficiency in the
rat leads to decreased dendritic arborization and reduced numbers of synapses and
myelinated axons (Fig. 4) (Gerster, 1996).

Paradoxically, pyridoxine itself can also cause pathology in the central nervous
system consisting of necrosis of dorsal root ganglia neurons and a centrifugal axonal
atrophy and breakdown of peripheral and central sensory axons (Xu et al., 1989).
This may occur at doses as low as 200-500 mg/d. However, in clinical trials using
100-150 mg/d to treat carpal tunnel syndrome, no toxicity was reported, suggesting
that this a safe dose in adults. On the other hand, there are insufficient data to
recommend long-term use of pyridoxine in children.

Pyridoxine plays a role in (1) the control of the hypothalamo-pituitary end-organ
system, (2) melatonin synthesis, and (3) convulsive seizure activity. Neurological
deficits resulting from pyridoxine deficiency can largely be explained by decreased
activity of glutamic acid decarboxylase, 5-hydroxytryptophan decarboxylase, and
ornithine decarboxylase (Dakshinamurti et al., 1990). The products of these
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Fig. 4 Decreased dendritic arborisation in pyridoxine deficiency. Figure shows reduced Purkinje
cells arborisation at 12 and 15 days in rat pups fed 0.6, 1.0, and 7 mg pyridoxine/Kg diet (modified
from Chang et al., 1981)

enzymes are GABA, serotonin, and putrescine, respectively. Putrescine is a
precursor of the polyamines, spermidine and spermine. Spermidine and spermine
function as allosteric modulators of NMDA receptors, potentiating NMDA currents
when glycine and glutamate are saturating. Dihydroxyphenylalanine decarboxylase,
which also requires PLP as a cofactor, is less sensitive to pyridoxine deficiency.

The hypothalamus contains high concentrations of the monoamines dopamine
and serotonin and these neurotransmitters have inhibitory or excitatory effects,
respectively, on the anterior pituitary. For example, thyroid-stimulating hormone
(TSH) secretion is increased by serotoninergic and decreased by dopaminergic acti-
vation. Pyridoxine deficiency in rats is associated with low levels of PLP in the
hypothalamus, with no change in dopamine concentrations, but decreased levels of
serotonin (Dakshinamurti et al., 1990). This correlates with decreased thyroid status
and decreased pituitary TSH. Treatment with pyridoxine returns these parameters to
normal.

Melatonin is produced in the pineal gland from tryptophan in a four-step reaction
sequence depicted in Fig. 5. The pineal gland regulates diurnal variation of various
physiological processes through the secretion of melatonin. Pyridoxine deficiency
results in decreased concentrations of N-acetylserotonin and melatonin in the pineal
gland during the dark phase (Dakshinamurti et al., 1990). Melatonin also acts at the
level of the hypothalamus, resulting in increased prolactin release. Physiological
levels of prolactin result in the initiation of lactation in females. Dopamine has an
inhibitory effect resulting in decreased prolactin release. Mild pyridoxine deficiency
results in decreased prolactin secretion as dopamine levels are not changed despite
decreases in serotonin.

When pyridoxine deficiency is induced in pregnant rats, spontaneous convul-
sions are seen in the offspring at 3—4 days of age. Seizures are of short duration,
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Fig. 5 Tryptophan is converted to 5-hydroxytryptophan by tryptophan hydroxylase (1). The pro-
duction of serotonin in the next step is catalysed by 5-HTP decarboxylase (a PLP-dependent
enzyme). Serotonin is then acetylated to N-acetyl-serotonin by N-acetyltransferase (2). Melatonin
is then produced via the action of hydroxyindole-O-methyltransferase (3)

but occur at frequent intervals. Brain analysis indicates decreased PLP and glu-
tamic acid decarboxylase (Dakshinamurti et al., 1990). When pyridoxine deficiency
is induced in female rats during lactation, the rat pups develop abnormal EEG
recordings at 3-5 weeks of age. This is associated with increased *H-GABA bind-
ing to GABA, receptors and H-Baclofen to GABA,, receptors, suggested to be
due to increased receptor sensitivity resulting from chronic decreased synaptic
GABA. These changes correlated with decreased PLP and GABA in the cerebel-
lum of deficient rats. In another study using pyridoxine-deficient adult male rats,
it was demonstrated that picrotoxin, a GABA; receptor antagonist, injected into
the ventro-posterior-lateral thalamic nucleus, resulted in a reduced threshold for
seizure activity (Dakshinamurti et al., 1990). The decreased inhibitory effect due
to decreased GABA, combined with the accumulation of glutamic acid resulting
from decreased decarboxylase activity is a likely explanation for the seizure activity
seen in pyridoxine-deficient rats.

4 Cobalamin (Vitamin By;)

Vitamin Bjy or cobalamin is present in meat and dairy products. Following
ingestion, it is transformed into either methylcobalamin or adenosyl-cobalamin.
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The former is the cytosolic form and is responsible for a number of important
methylation reactions such as the conversion of homocysteine to methionine, an
important precursor of S-adenosylmethionine which in turn is required for the
production of some neurotransmitters (norepinephrine and glutamate), as well as
the maintenance of myelin. Adenosyl-cobalamin is a mitochondrial cofactor for
methylmalonyl-CoA mutase. Vitamin B, deficiency results in both hematological
(pernicious anemia) and neurological changes. Treatment of B, deficiency results
in the reversal of the anemia, but may or may not reverse the neurological con-
sequences. To further complicate the picture, Biy deficiency is usually diagnosed
following a blood test demonstrating megaloblastic changes associated with low
serum Biy. Unfortunately, in up to 25% of patients, the neurological symptoms
precede or are the only signs of By, deficiency. Consequently, the diagnosis is
frequently missed (Carmel, 2005).

Vitamin B, deficiency results in subacute combined degeneration of the spinal
cord. It is characterized by muscle weakness, parasthesias, various mental problems,
and more rarely, visual disturbances. Neuropathological examination demonstrates
a spongy appearance in the white matter due to distention of the myelin sheath. In
later stages, there is evidence of axonal disintegration. Microscopically, there are
multifocal vacuolated and demyelinated lesions in the white matter of the spinal
cord affecting the posterior and lateral columns in particular. Early lesions consist
of swelling of myelin sheaths; fibres of highest diameter are predominantly affected.
Ultrastructural studies are limited to experimental animal models. In nonhuman
primates, the neuropathology is indistinguishable topographically and microscop-
ically from that of subacute combined degeneration of the spinal cord in humans.
The degeneration of myelin is characterized by separation of myelin lamellae and
the formation of intramyelinic vacuoles leading to destruction of the myelin sheath
(Agamanolis et al., 1978).

There are only two enzyme reactions that require a cobalamin cofactor, and inhi-
bition of neither of these reactions can easily explain the neurological consequences
of By deficiency. A number of hypotheses have been proposed. For example, it
has been suggested that the formation of branched chain fatty acids caused by the
accumulation of propionyl-CoA via the inhibition of methylmalonyl-CoA mutase
results in abnormal composition of the myelin sheath (Carmel, 2005). Propionyl-
CoA can substitute for acetyl-CoA in the acetyl-CoA synthetase reaction, the first
step in fatty acid synthesis. However, inherited disorders of cobalamin metabolism
which result in much higher accumulations of propionyl-CoA do not result in sub-
acute combined degeneration of the spinal cord. An explanation consistent with
methylcobalamin deficiency, is that the lack of methylcobalamin traps methylte-
trahydrofolate as shown in Fig. 6. This depletes methylenetetrahydrofolate which
is necessary for thymidylate synthesis thus affecting DNA synthesis as well as
decreasing the syntheis of S-adenosyl-methionine which is a methyl donor to brain
lipids. More recently, the role of homocysteine has been investigated. Homocysteine
accumulates as a result of the inhibition of methionine synthase which requires
methylcobalamin as a cofactor (Briddon, 2003). It has been suggested that homo-
cysteine is a better functional marker of B, deficiency than serum B, levels (Bates
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Fig. 6 Methyl trap hypothesis: 5,10-Methylenetetrahydrofolate is reduced to 5-methyltetrahy-
drofolate in an irreversible reaction. When vitamin By, is deficient, methyl groups are trapped
as S5-methyltetrahydrofolate, resulting in decreased substrates for DNA synthesis and neural
lipid methylation. MTHFR, methylenetetrahydrofolate reductase; DHFR, dihydrofolate reduc-
tase; MS, Methionine synthase; TS, thymidylate synthase; SAM, S-adenosyl-methionine; dUMP,
deoxyuridine 5'-monophosphate; dTTP, deoxythymidine 5'-monophosphate

et al., 1997). However, the inherited disorder of homocystinuria with much higher
homocysteine levels does not result in subacute combined degeneration.

Vitamin B, deficiency has been linked to increased cytokine production, in par-
ticular the myelinolytic tumor necrosis factor-alpha (TNFa), suggesting that inflam-
mation may be the source of the neurological damage (Miller, 2002; Scalabrino
et al., 2003, 2005). In a rat model of subacute combined degeneration, increased
TNFa production was observed, as well as decreased neurotrophic factors, epider-
mal growth factor, and interleukin-6 production. This was associated with myelin
vacuolation in the central nervous system (Scalabrino et al., 2003, 2005). Although
changes in cytokine production are well documented, along with a number of well-
defined neurochemical abnormalities, the exact mechanism to explain the selective
neuropathological damage caused by B, deficiency is still unknown.

5 Niacin (Vitamin B3)

Niacin and niacinamide refer to nicotinic acid and its amide. Nicotinic acid is a
pyridine derivative synthesized from tryptophan.

Experimental niacin deficiency usually requires a diet high in corn. Zein, the
major storage protein of American corn, contains little tryptophan. Ingestion of corn
can therefore be expected to raise the ratio, relative to tryptophan, of other long chain
neutral amino acids that compete for the same carrier. Corn-fed dogs develop “black
tongue,” with prominent abnormalities implicating the gastrointestinal system
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(Gibson and Blass, 1985). Also, antiniacin compounds can induce deficiency states
within days in rodents on a normal diet. Neurological symptoms are more obvious
in rats with antimetabolite-induced niacin deficiencies than in the corn-fed dogs.

Niacin deficiency causes pellagra which includes mental symptoms and was
once common in areas where American corn was a dietary staple. Addition of
purified niacin to the diet has largely abolished the disorder. Pellagra is associ-
ated with the “four Ds”: dermatitis, diarrhea, dementia, and death. Dietary niacin
deficiency reduces the levels of NAD and NADP coenzymes in the brain. Niacin
requirements can be modified by genetic and environmental factors. Hartnup syn-
drome is a hereditary disorder in which tryptophan transport is impaired and niacin
requirements increase. A chronic toxic delirium may be the only clinical abnormal-
ity, at least early in the course of the disorder. The delirium may resemble some
forms of schizophrenia (Gibson and Blass, 1985). Neuropathological changes seen
in pellagra are restricted to neurons and the characteristic finding is chromatoly-
sis. Affected neurons are ballooned, there is loss of Nissl substance, and the nuclei
are located eccentrically. Although the issue of chromatolysis has been debated
(Harper and Butterworth, 1997) the consensus now is that the brain regions and
lesion characteristics are a function of the nature of the underlying cause (dietary,
alcohol-related, or isoniazid toxicity).

At present, pellagra is encountered most often in patients with chronic alco-
holism, often referred to as alcoholic pellagra encephalopathy (APE). APE patients
often show only disturbances of consciousness, but may also manifest myoclonus
and ataxia. Administration of niacin is recommended in APE patients showing
myoclonus and ataxia even without the classical symptoms found in endemic
pellagra patients (Sakai et al., 2006).

Epidemiological studies suggest that niacin may be implicated in the pathogen-
esis of Parkinson’s disease via the following process. NAD produced from niacin
releases nicotinamide via poly(ADP-ribosyl)ation which is activated in Parkinson’s
disease. Released excess nicotinamide is methylated to 1-methylnicotinamide
(MNA) in the cytoplasm by nicotinamide N-methyltransferase. MNA destroys sev-
eral subunits of complex I via superoxide formation. This can destroy complex I
subunits either directly or indirectly via mitochondrial DNA damage, and stimu-
lates poly(ADP-ribosyl)ation. It has been proposed that this implicates nicotinamide
as a potential causal agent in the development of Parkinson’s disease (Fukushima
et al., 2004).

6 Folic Acid (Vitamin By)

Folate (pteroylglutamic acid) is essential for the synthesis and methylation of DNA
during fetal and early postnatal development (Nunn et al., 1986). Folate defi-
ciency may result from poor diet, malabsorption, from treatment with anticonvulsant
drugs such as phenytoin or primidone, as well as from antifolate drugs such as
methotrexate. Folate deficiency during pregnancy leads to an increased prevalence
of fetal malformations such as spina bifida and related neural tube defects. Findings
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from two multicentre trials confirmed that folate supplements starting periconcep-
tionally and continuing through pregnancy reduce the risk of neural tube defects
(Werler et al., 1993; MRC Vitamin Study, 1991).

Studies in experimental animals suggest that folate deficiency during gestation
and lactation results in alterations of myelin lipids (Hirono and Wada, 1978). Studies
in the developing rat central nervous system suggest that folate uptake and storage
depend upon a folate-binding protein (10-formyltetrahydrofolate dehydrogenase)
which is preferentially localized in glial cells (Martinasevic et al., 1999).

7 Antioxidant Vitamins

Oxidative stress has been clearly implicated in a wide range of human diseases by an
impressive body of scientific evidence. Oxidative stress is an imbalance in the equi-
librium status of pro-oxidant/antioxidant systems in cells (Sies, 1985) and comes
from external sources such as ionizing radiation, toxins, drugs, chemicals and envi-
ronmental pollutants, or endogenous sources resulting from (patho)physiological
metabolism of the cell. Antioxidant compounds can be classified into several gen-
eral categories: (1) antioxidant enzymes such as superoxide dismutase, glutathione
peroxidase, catalase, and heme-oxygenase, (2) antioxidants such as vitamin E (a-
tocopherol), vitamin C (ascorbic acid), and carotenoids, (3) secondary antioxidants
including selenium, zinc, riboflavin, and manganese and, finally, (4) antioxidants
such as flavonoids, coenzyme Q, lipoic acid, albumin, and bilirubin. Deficiency of
any antioxidant vitamin or nutrient has the potential to lead to an imbalance which
may to cause oxidative stress.

7.1 a-Tocopherol (Vitamin E)

a-Tocopherol is a lipid-soluble vitamin which is an effective antioxidant. Vitamin
E consists of two groups of lipid-soluble compounds: tocopherol and tocotrienol.
In humans, a-tocopherol predominates and is considered the more active form of
the vitamin. Vitamin E was first isolated as a factor that prevented infertility in
rats (Evans and Bishop, 1922). It can inhibit the peroxidation of polyunsaturated
fatty acids and it stimulates prostacyclin synthesis which promotes vasodilation
and platelet aggregation. Vitamin E also protects membrane structure. Vitamin E
deficiency is quite rare. Nevertheless, pure vitamin E deficiency secondary to defi-
ciencies in absorption have been described (Traber, 2006). Vitamin E deficiency can
occur with abetalipoproteinemia, cholestatic liver disease, fat malabsorption, celiac
disease, cystic fibrosis, and small bowel resection. The typical neurological syn-
drome in humans is a spinocerebellar degeneration, with loss of reflexes, ataxia, and
impaired vibration and position sense.

A severe and chronic deficiency of vitamin E is associated with a characteristic
neurological syndrome with typical clinical, neuropathological, and electrophysio-
logical abnormalities in both humans and experimental animals. Chronic vitamin E



Vitamin Deficiencies 117

deficiency (38 weeks) in mice decreases superoxide radical production in multiple
regions of male brain (Cuddihy et al., 2004). These results suggest that a-tocopherol
can act as a nonclassic uncoupler. Significant impairment in neural and visual func-
tion are observed in vitamin E-deficient rats after approximately 8 months (Hayton
and Muller, 2004). Low serum vitamin E is associated with demyelinating motor—
sensory neuropathy related to spinocerebellar ataxia (Puri et al., 2005). Vitamin
E supplementation leads to clinical and electrophysiological recovery of sensory
conduction and evoked potentials; motor nerve conduction, however, shows only
partial recovery. Vitamin E deficiency has also been associated with an increase in
lipid peroxidation and protein oxidation in the rat brain (Jolitha et al., 2006). The
concentration of free malondialdehyde (an indicator of lipid peroxidation) is signif-
icantly increased in tissues from vitamin E-deficient compared to control animals.
This is consistent with a deficiency of a-tocopherol causing increased lipid perox-
idation leading to abnormal neural electrophysiology (Hayton and Muller, 2004).
A longitudinal study recently showed significant improvements in growth and a
number of electrophysiological parameters of both neural and visual function after
repletion with vitamin E (Hayton et al., 2006). It was suggested that vitamin E could
play a role in hypothalamo—pituitary system regulation. Early vitamin E supple-
mentation may provide considerable improvement of neurological signs and other
associated abnormalities (Marzouki et al., 2005).

A wide range of cell culture, animal, and human epidemiological studies are
suggestive of a role of vitamin E in brain function and in the prevention of
neurodegeneration. It was recently suggested that vitamin E deficiency results in
transcriptional alterations in the cerebral cortex of the rat which are consistent with
the observed neurological and electrophysiological alterations (Hyland et al., 2006).
Vitamin E deficiency was shown to have a strong impact on gene expression in the
hippocampus. An important number of genes found to be regulated by vitamin E are
associated with hormones and hormone metabolism, and clearance of amyloid-beta
and advanced glycated end-products. A protective effect of vitamin E in AD pro-
gression has been reported (Rota et al., 2005). A recent study strongly supports the
hypothesis of an impairment of lipophilic antioxidant delivery to neuronal cells in
AD which could facilitate oxidative stress (Mas et al., 2006). Low-plasma vitamin
E concentrations may represent a higher risk of developing dementia in subsequent
years (Helmer et al., 2003).

The retention and secretion of vitamin E are regulated by a-tocopherol trans-
fer protein (aTP) in the brain. Dysfunction of o TP results in deficiency of vitamin
E in humans and mice, and increased oxidative stress in mouse brain. Ataxia
with isolated vitamin E deficiency (AVED) is an autosomal recessive neurode-
generative disorder due to mutations in the aTP protein gene on chromosome
8ql3. This genetic disorder is characterized by neurological symptoms often
with a striking resemblance to those of Friedrich’s ataxia. AVED patients have
progressive spinocerebellar symptoms and markedly reduced plasma levels of
vitamin E (Mariotti et al., 2004). Vitamin E supplementation therapy allows
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stabilization of the neurological conditions in most of the patients. However, devel-
opment of spasticity and retinitis pigmentosa can appear during therapy (Mariotti
et al., 2004).

7.2 Ascorbic Acid (Vitamin C)

Vitamin C is used as the generic descriptor for all compounds exhibiting quali-
tatively the biological activity of ascorbic acid. Ascorbic acid is an unsaturated
sugar derivative that is a potent reducing agent. The oxidation of ascorbic acid
to dehydroascorbic acid is reversible (Fig. 7). Both forms are biologically active.
Because dehydroascorbic acid is readily reduced in vivo, it possesses vitamin C
(anti-scurvy) activity, whereas diketogulonic acid, a metabolite, has no activity.
Vitamin C has many functions in the organism, not least of which is the absorption
and metabolism of iron. It is an effective antioxidant. Ascorbic acid participates in
neurotransmitter synthesis as well as the synthesis of collagen. Vitamin C is neces-
sary for the synthesis of carnitine and facilitates immune functions. Finally, ascorbic
acid participates in the hydroxylation of catecholamines. The uptake of ascorbic acid
into synaptosomes requires glucose and oxygen; uptake into the brain appears to be
via the cerebrospinal fluid rather than the blood. Fatigue and emotional changes are
common in the full-blown deficiency disease scurvy, but diffuse disease of the small
blood vessels with small haemorrhages is much more striking.

Ascorbic acid has been implicated in many neurological diseases. There is a
strong inverse relation between serum vitamin C concentration and stroke incidence
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Fig. 7 Structure of ascorbic acid (vitamin C). Oxidation of ascorbic acid to dehydrogenase acid is
reversible; both forms are biologically active
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(Sanchez-Moreno et al., 2004). Epidemiological evidence links adequate vitamin
C ingestion with decreased risk of suffering from a stroke. Inversely, decreased
plasma antioxidant status is associated with increased neurological damage follow-
ing a stroke. It was recently shown that dehydroascorbic acid, the oxidized form of
vitamin C which is a superoxide scavenger, normalizes several markers of oxidative
stress and inflammation in acute hyperglycemic focal cerebral ischemia in the rat
(Bémeur et al., 2005). It was also demonstrated that intraventricular ascorbic acid
injection is neuroprotective after hypoxic-ischemic brain injury in rats (Miura et al.,
2006). Vitamin C is also able to protect the hypothalamus from oxidative stress
induced in rats by an environmental toxicant (Muthuvel et al., 2006). Ascorbic acid
confers protection from increased free-radical activity in the brain of spontaneously
hypertensive rats by improving total antioxidant and superoxide dismutase status,
thus preventing high blood pressure and its complications (Newaz et al., 2005).
Also, intravenous cerebroprotective doses of citrate/sorbitol-stabilized DHA are cor-
related with increased brain ascorbate levels and a suppression of excessive lipid
peroxidation (Mack et al., 2006).

A case-control study showed that plasma vitamin C levels were lower in subjects
with dementia compared to controls, which was not explained by their dietary vita-
min C intakes (Charlton et al., 2004). Low brain ascorbic acid and glutathione levels
associated with a perturbation of the dopaminergic system actively participate in the
development of some cognitive deficits affecting schizophrenic patients (Castagné
et al., 2004). It has been proposed that low ascorbate in striatal extracellular fluid
may contribute to Huntington’s disease symptoms (Rebec et al., 2006) and evidence
suggests that the level of extracellular ascorbate plays a critical role in regulating
corticostriatal glutamate transmission (Rebec et al., 2005). A recent study suggested
that ascorbate could participate in normalizing neuronal function in Huntington’s
disease (Rebec et al., 2006).

Antioxidant vitamins, particularly vitamins E and C may act synergistically. A
short period of combined deficiency of vitamins E and C causes profound central
nervous system dysfunction in guinea pigs (Burk et al., 2006). The damage con-
sists mainly of nerve cell death, axonal degeneration, vascular injury, and associated
glial cell responses. These findings suggest that the paralysis and death caused by
combined deficiency of vitamins E and C in these animals is caused by severe dam-
age to brainstem and spinal cord. Also, a recent study demonstrated that vitamin E
and vitamin C prevented oxidative stress due to maternal hyperphenylalaninemia,
(an inborn error of intermediary metabolism) in the brains of rat pups (Martinez-
Cruz et al., 2006). Pretreatment with a-tocopherol and ascorbic acid prevents the
impairment of energy metabolism caused by hyperargininemia in the cerebellum
and hippocampus of rats (Delwing et al., 2006). Vitamin C and E administration,
alone or in combination, increases striatal catalase activity in rats subjected to oral
dyskinesias, which are implicated in a series of neuropathologies and associated
with increased oxidative stress. A beneficial effect of these vitamins on reserpine-
induced oral dyskinesia in rats has also been reported (Faria et al., 2005) and a recent
study suggested that vitamins C and E hold promise in helping prevent AD (Frank
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and Gupta, 2005). Finally, low brain glutathione and ascorbic acid levels associ-
ated with a perturbation of the dopaminergic system may actively participate in the
development of some cognitive deficits affecting schizophrenic patients (Castagné
et al., 2004).

7.3 Carotenoids

Carotenoids are plant pigments which constitute more than 600 compounds, most of
them being lipid-soluble and which contribute significantly to the nutritional bene-
fits of fruit and vegetable consumption. B-carotene is the most common form of the
vitamin and is the precursor of vitamin A. f-cryptoxanthine is another precursor of
vitamin A. The latter is a powerful lipid-soluble antioxidant which protects cellular
membranes from oxidative stress. Vitamin A is carried into the plasma by retinal
binding protein which is synthesized in the liver.

Decreased carotenoid concentrations are associated with increased risk of stroke
(Leppild et al., 1999) and vitamin A levels are decreased in stroke patients
(Cherubini et al., 2000). Plasma concentrations of alpha- and beta-carotene are
lower in patients with acute ischemic stroke than in healthy controls and are nega-
tively correlated with neurological deficits in stroke patients (Chang et al., 2005).
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Brain Edema in Neurological Diseases

Eduardo Candelario-Jalil, Saeid Taheri, and Gary A. Rosenberg

Abstract In the brain, the transport of water and solute is precisely regulated.
This maintains a stable and unique microenvironment that is critical to brain func-
tion. Cerebral edema results from the excess of fluid in the brain’s intra- and
extracellular spaces. This occurs in response to a wide variety of insults, includ-
ing cerebral ischemia, hypoxia, infection, brain tumors, and neuroinflammation.
Cytotoxic edema leads to intracellular swelling without alterations in vascular per-
meability. Vasogenic edema is associated with damage to the blood-brain barrier.
These types of edema rarely exist in isolation. In most neuropathological conditions,
one type of edema predominates, but both coexist. This chapter focuses on the major
molecular mechanisms triggering brain edema, including alterations in ion chan-
nels and transporters, matrix metalloproteinases, tight junction protein degradation,
free radicals, and products of the arachidonic acid metabolism. We review present
knowledge of the contribution to brain edema of molecules such as aquaporins,
vasopressin, vascular endothelial growth factor, angiopoietins, and bradykinin. We
further examine brain imaging modalities that have revolutionized clinical diagnosis
of cerebral edema. Finally, we provide a critical evaluation of the current strategies
for the treatment of brain edema.

Keywords Vasogenic edema - Neurovascular unit - Matrix metallopro-
teinases - Aquaporins - Blood—brain barrier - Imaging
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1 Introduction

Cerebral edema occurs in response to a wide variety of insults, including ischemia,
hypoxia, infection, and noninfectious inflammation. Shifts in brain water, which is
the basis of the cellular swelling, are due to osmotic forces, and result in increases
in intra- and extracellular spaces. A reasonable amount of tissue swelling can be
tolerated in most parts of the body, however, the restrictions imposed by the rigid
tentorium and bony skull cause life-threatening herniation with relatively small
increases in the brain compartments. Two early anatomists, Monroe (1733-1817)
and Kellie (1758-1829), recognized that increased intracranial pressure due to
swelling in the cerebrospinal fluid (CSF), blood, or brain tissue compartments could
increase intracranial pressure; the concept of limited expansion capacity of the
intracranial contents is called the Monroe—Kellie doctrine.

Brain cell integrity depends on a continuous supply of oxygen and glucose in
order to perform chemiosmotic work that maintains the cell membranes. Loss of
ATP causes failure of the ATPase-mediated electrolyte pumps that remove sodium
in exchange for potassium with the result that osmotic pressure builds up within
the cell and cyfotoxic edema occurs. If the cellular membrane remains intact, the
swollen cell can survive. Once the membranes break down, however, preservation of
function is no longer possible. Another type of edema occurs with damage to blood
vessels by trauma, ischemia, hypertension, or infections, which disrupt the endothe-
lial tight junctions allowing fluid and toxins to cross the blood-brain barrier (BBB)
and enter the brain. Linearly arranged white matter tracts serve as conduits for fluid
to move from one place to another within the brain. Leaky blood vessels cause fluid
to be transported between white matter tracts, which is referred to as vasogenic
edema. A third type of edema results from the transependymal flow of fluid into the
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brain; this type of extracellular edema is referred to as inferstitial edema (Klatzo,
1967; Fishman, 1975; Kimelberg, 1995; Rosenberg and Yang, 2007).

Knowledge of the mechanisms of edema formation have expanded dramatically
in the past few years with discovery of important molecular mechanisms involved
in water movement across membranes and degradation of tight junction proteins in
endothelial cells. Many of the concepts regarding brain edema are well established
and based on a large body of work that was done in the past 50 years, and has been
summarized in several monographs (Katzman and Pappius, 1973; Rapoport, 1976;
Rosenberg, 1990; Fishman, 1992). Our goal is to refer to that work, but to emphasize
the more recent studies based on advances in molecular biology and brain imaging
that will lead to novel therapies (Rabinstein, 2006; Bardutzky and Schwab, 2007,
Zador et al., 2007).

2 Water Homeostasis in the Brain:
Physiology of the Brain Fluids

Water flow in the central nervous system (CNS) is unique, and regulation of water
balance is of paramount importance for brain functions. For most tissues, there
is a conveying water flow into the tissue at the interface of the endothelial cells
of blood vessels, bringing in hydrophilic substances and electrolytes (Kimelberg,
2004). Selectively permeable membranes keep plasma proteins and charged sub-
stances within the vasculature. It is estimated that 93% of plasma proteins are
retained in the vascular space, which create an osmotic driving force in the venous
capillaries for the return of fluid to the blood (Kimelberg, 2004). However, due
to the presence of the BBB, water flow occurs differently in the CNS, maintain-
ing a stable and unique microenvironment for the normal function of neurons and
other cells.

Brain and blood interactions occur at three interfaces: endothelial cells, which
form the major site of the BBB, the choroid plexus ependymal cell lining, and the
arachnoid granulations. These sites are key in regulating the exchange of substances
between brain and blood, thus maintaining the composition of brain electrolytes, as
well as the content of proteins and other substances.

Brain vascular endothelial cells are linked by tight junction proteins creating
high-resistance junctions between cells that effectively prevent the movement of
hydrophilic substances, including electrolytes, such as Na* and K*. Water moves
across the lipid bilayer of endothelial cells through simple diffusion and vesicu-
lar transport (Tait et al., 2008). However, specialized water channels are formed by
molecules called aquaporins (AQPs), which are highly expressed in blood-brain
interfaces to facilitate the transport of water across cell membranes.

Transport of water into the cerebrospinal fluid (CSF) and interstitial fluid (ISF)
forms the source of the CSF that fills the cerebral ventricles and the subarachnoid
spaces around the brain and spinal cord. Early studies by Weed and Cushing iden-
tified the CSF as a “Third Circulation,” functioning along with the fluid between
the cells, the ISF, as the lymph of the brain (Weed, 1935, 1938). The ISF circulates
between the cells and drains into the CSF; it is formed osmotically by the extrusion
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of sodium by the sodium—potassium ATPase pump in endothelial cell membranes
(Abbott, 2004). The CSF is secreted by the choroid plexi into the ventricles and is
also derived from the ISF produced mainly by the brain capillaries. The ISF com-
municate with the CSF through gaps between cells forming the ependymal lining
of the ventricles. The CSF is eventually drained across the arachnoid granulations
that protrude into the sagital sinus, thus completing the circulation of the CSF and
ISF (Klatzo, 1994; Abbott, 2004). An alternative model of CSF circulation has been
proposed, implying that the main absorption of CSF occurs through the brain cap-
illaries and bulk flow through the arachnoid granulations is only a complementary
outlet route for CSF (Greitz and Hannerz, 1996; Greitz et al., 1997).

Water transport from the vasculature into the ventricle is facilitated by
aquaporin-1 (AQP1) highly expressed in the apical (ventricular-facing) membrane
of the choroid plexus, and via AQP4 in the ependymal lining of the ventricles (Zador
etal., 2007). Deletion of AQP1 reduces by fivefold osmotically induced water trans-
port in the choroid plexus (Oshio et al., 2005). CSF production is significantly
reduced in AQP1-deficient mice, but only by 20-25%, indicating a substantial con-
tribution of extrachoroidal fluid production by the brain parenchyma (Zador et al.,
2007). Fluid from the subarachnoid space is drained through the arachnoid granula-
tions into the low-pressure venous sinus that exit the cranium. Astrocytic processes
lining the pial membrane heavily express AQP4 which facilitate water flux into the
subarachnoid space (Zador et al., 2007). Excess ISF is also eliminated by a tran-
scapillary (AQP4-rich) route into the blood (Greitz et al., 1997; Tait et al., 2008).

3 The Neurovascular Unit and Tight Junction Proteins

Normal function of the brain depends on the BBB, which provides a highly selective
barrier between the blood and the brain parenchyma that creates a special microen-
vironment crucial for brain homeostasis. Endothelial cells, astrocytes, perivascular
microglia, neurons, and pericytes comprise the neurovascular unit (Fig. 1) (Ballabh

»
»

Fig. 1 Cellular and molecular constituents of the neurovascular unit. The blood-brain barrier
(BBB) is formed by endothelial cells, which are surrounded by the basal lamina and the astro-
cytic end-feet processes. The perivascular astrocytes provide the connection between the neurons
and the BBB. Astrocytic processes heavily express aquaporin 4 (AQP4). Within the basal lamina
reside the pericytes, which are important in BBB stability. The basal lamina provides structural
integrity to the capillaries and is mainly composed of type IV collagen, fibronectin, heparin sul-
fate, laminin, and entactin. Perivascular microglial cells make contact with cerebral microvessels
and modulate the functioning of the BBB. The tight junctions and adherent junctions connect
brain endothelial cells, and confer the low paracellular permeability of the BBB. The tight junction
proteins (TJPs) form an intricate complex of proteins linked to the actin cytoskeleton. Claudins
and occludin have four transmembrane domains with two extracellular loops, which are impor-
tant in forming the “seal” between two adjacent endothelial cells. These proteins associate with
the cytoskeleton via accessory proteins such as zona occludens ZO-1, ZO-2, AF6, and cingulin.
The junctional adhesion molecule (JAM) family forms part of the TJPs, and mediates attachment
of cell membranes via homophilic interactions. The most important components of the adherent
junctions are vascular endothelial (VE)-cadherin and platelet endothelial cell adhesion molecule-1
(PECAM-1). VE-cadherin is linked to the actin cytoskeleton via catenins
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et al., 2004; Hawkins and Davis, 2005). Unlike peripheral microvasculature, brain
capillaries are not fenestrated and contain very few endocytic vesicles suggesting
limited diffusion and transcellular transport (Ballabh et al., 2004; Zador et al., 2007).
Trafficking of molecules across the BBB occurs via active transport. Only small
lipophilic molecules are allowed to diffuse passively from the vascular space into
the brain.

During CNS development, brain blood vessels acquire the unique characteristics
that distinguish them from peripheral capillaries. The tight junctions and adherent
junctions connect brain endothelial cells (Fig. 1). Although disruption of adherent
junction proteins can lead to increased BBB permeability, it is primarily the tight
junction proteins (TJPs) that confer the low paracellular permeability and high elec-
trical resistance of the BBB (Bazzoni and Dejana, 2004; Hawkins and Davis, 2005;
Zlokovic, 2008). Tight junctions between the endothelial cells create the unique
membrane properties of the cerebral capillaries by greatly increasing the electrical
resistance, which blocks transport of nonlipid soluble substances.

The TJPs form an intricate complex of transmembrane (occludin, claudins, junc-
tional adhesion molecule-1) and cytoplasmic (zona occludens-1 and -2, cingulin,
AF-6, and 7H6) proteins linked to the cytoskeleton (Hawkins and Davis, 2005)
(Fig. 1). Occludin was the first TIP discovered. It is a 60- to 65-kDa protein with
four transmembrane domains and two extracellular loops that span the cleft between
adjacent endothelial cells (Furuse et al., 1993; Hirase et al., 1997; Hawkins and
Davis, 2005). Occludin is highly expressed in cerebral endothelium (Fig. 2) and
sparsely distributed in nonneural endothelia (Hirase et al., 1997). The phosphory-
lation state of occludin regulates its association with the cell membrane (Hirase
et al., 2001). In experimental autoimmune encephalomyelitis, a model of multiple
sclerosis, occludin dephosphorylation precedes the neurological deterioration and
increased leakage of plasma proteins across the BBB (Morgan et al., 2007). The
C-terminal cytoplasmic domain of occludin is involved in its association with the
cytoskeleton via accessory proteins such as zona occludens ZO-1 and ZO-2 (Furuse
etal., 1993).

The claudins are a large family of at least 24 members. Claudin-5, -3, and -12
are localized at the BBB (Wolburg and Lippoldt, 2002; Nitta et al., 2003) and it
is still debatable whether claudin-1 is present at the BBB. The extracellular tails
of claudins from adjacent cells self-assemble to form the tight junctions that are
“zip-locked” together (Nitta et al., 2003; Krause et al., 2008; Piontek et al., 2008).
The junctional adhesion molecule (JAM) family forms part of the TJPs (Fig. 1).
They are believed to mediate the early attachment of adjacent cell membranes via
homophilic interactions (Dejana et al., 2000; Bazzoni and Dejana, 2004) and may
regulate transendothelial leukocyte migration (Del Maschio et al., 1999), but the
function of JAM in the mature BBB is largely undefined.

The adherent junctions are ubiquitously found in the cerebral vasculature and
mediate several functions, including the adhesion of endothelial cells to each other,
contact inhibition during remodeling, and growth of the vasculature, and medi-
ate in part the regulation of paracellular permeability (Hawkins and Davis, 2005).
The most important components of the adherent junctions are vascular endothelial
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Fig. 2 Confocal micrographs showing the immunoreactivity for the tight junction proteins,
claudin-5 (a) and occludin (b) in rat brain microvessels. Claudin-5 (red) in blood vessels is sep-
arated from the astrocytes (glial fibrillary acidic protein, GFAP, in green) surrounding them. The
merged images show that claudin-5 and GFAP staining are separate (Panel (a), far right). (b)
Occludin is highly expressed in the cerebral endothelium. Occludin expression and GFAP staining
are co-localized around blood vessels in the rat brain. Scale bars indicate 10 pm. Modified from
Yang et al. (2007)

(VE)-cadherin and platelet endothelial cell adhesion molecule-1 (PECAM-1). VE-
cadherin is an endothelial-specific Ca**-regulated protein that is linked to the
cytoskeleton via catenins (Fig. 1). PECAM-1, also known as CD31, is a key partici-
pant in the migration of blood-borne cells across the BBB. Changes in the adherent
junction proteins can lead to increased paracellular permeability (Abbruscato and
Davis, 1999) and leukocyte trafficking in the CNS (Newman, 1994; Garrido-Urbani
et al., 2008).

On the abluminal surface of the endothelial cells is a thin layer of basal lamina
composed mainly of type IV collagen, fibronectin, heparan sulfate, laminin, and
entactin. Entactin (also termed nidogen) is a basement membrane glycoprotein that
connects type IV collagen and laminin to add a structural element to the capillary,
and plays a role in cell interactions with the extracellular matrix. Fibronectin from
the cells joins the basal lamina to the endothelium. Basal lamina provide structure
through type IV collagen, charge barriers by heparan sulfate, and binding sites on
the laminin and fibronectin molecules (Zlokovic, 2008).

Within the basal lamina reside the pericytes (Fig. 1). Mesenchymal in origin,
pericytes form an incomplete envelopment around the endothelial cells and within
the microvascular basement membrane of capillaries and postcapillary venules. Cell
bodies and cytoplasmic processes of pericytes, as well as the endothelial cells, are
enveloped by the same basal lamina, except for where they make direct contact with
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each other (Diaz-Flores et al., 1991). They are important in BBB stability as well
as angiogenesis. They have been implicated in blood flow regulation at the capillary
level (Hirschi and D’ Amore, 1996). Their expression of smooth muscle actin (SMA)
and desmin, two proteins found in smooth muscle cells, and their adherence to the
endovascular cells make them very strong candidates for blood flow regulators in
the microvasculature (Hirschi and D’ Amore, 1996). Pericytes are contractile and
seem to serve as a smooth muscle equivalent in the brain capillaries. They also dis-
play several macrophage properties including phagocytosis and antigen presentation
(Thomas, 1999). Interaction between pericytes and endothelial cells is important for
the maturation, remodeling, and maintenance of the vascular system via the secre-
tion of growth factors or modulation of the extracellular matrix (Lai and Kuo, 2005).
There is also evidence that pericytes are involved in the transport across the BBB
and the regulation of vascular permeability (Hirschi and D’ Amore, 1996; Thomas,
1999; Dore-Duffy, 2008).

Surrounding the endothelia and basal lamina are the astrocytic foot processes,
which have multiple ion transporters and channels, and heavily express AQP4, sug-
gesting that these processes facilitate ion and water transport across the BBB (Zador
et al., 2007) (Fig. 1). Neurons and perivascular microglia are the other cellular com-
ponents of the neurovascular unit. In the adult brain neurons, which are not in direct
contact with endothelial cells, probably exert an influence indirectly. However,
astrocytes directly mediate the neurovascular connections by enwrapping their foot
processes around brain microvessels (Kim et al., 2006; Kaur and Ling, 2008).
Neuronal activity modulates cerebral blood flow, and astrocytes mediate this pro-
cess (Anderson and Nedergaard, 2003; Schipke and Kettenmann, 2004). Astrocytes
by releasing vasoactive molecules mediate the neuron—astrocyte—endothelial signal-
ing pathway and play a profound role in coupling blood flow to neuronal activity
(Jakovcevic and Harder, 2007; Koehler et al., 2009).

Perivascular microglia make contact with cerebral microvessels and modulate
the functioning of the neurovascular unit (Kaur and Ling, 2008). There are two
important sources of microglia in the brain. During development, leptomeningeal
mesenchymal cells enter the brain and transform into microglia (Bechmann et al.,
2007). Circulating monocytes provide another major source of brain microglia
(Bechmann et al., 2005, 2007). Perivascular microglial cells, which are bone
marrow derived, continuously turn over in the CNS, and are immunoregulatory
cells that connect the CNS with the peripheral immune system (Williams et al.,
2001). Microglia are phagocytic cells with the capability of antigen presentation.
They rapidly respond to a wide variety of stimuli including inflammation and
hypoxia/ischemia (Block et al., 2007; del Zoppo et al., 2007). Activated microglia
release several inflammatory factors, which modulate the permeability properties of
the neurovascular unit (Stoll and Jander, 1999; Block et al., 2007).

There are complex interactions among the different cellular components of the
neurovascular unit and the extracellular matrix, determining its permeability prop-
erties during both physiological and pathological conditions. This highlights the
severe limitations of cell culture-based models to mimic neurological diseases asso-
ciated with BBB disruption. Transwell culture systems of endothelial cells alone
rarely achieve adequate transendothelial electrical resistance (TEER). Cocultures of
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astrocytes with endothelial cells reach higher levels of TEER. The incorporation of
luminal structures into the coculture system provides a flow component that most
closely mimics the in vivo situation (Krizanac-Bengez et al., 2006).

4 Cytotoxic Brain Edema

Brain edema is defined as an abnormal accumulation of fluid associated with vol-
umetric enlargement of the brain (Klatzo, 1967). Excess fluid can accumulate
in the intracellular or extracellular spaces. Two types of brain edema have been
defined based on the site of damage and where the fluid accumulates. Cytotoxic
edema results in intracellular swelling without alterations in vascular permeability.
Vasogenic edema is associated with damage to the BBB leading to flow of water and
plasma constituents into the brain. These types of edema rarely exist in isolation;
typically, one type of edema dominates the other, but both co-exist.

Cytotoxic edema, which results from pathological processes that interfere with
the normal function of cell membranes, constricts the extracellular space, constrain-
ing movement of fluid between the cells. The swelling is predominantly localized to
the glial processes around brain capillaries with sparing of the neurons (Kimelberg,
2004; Zador et al., 2007). The main reason for this is the presence of a high den-
sity of AQP4 in the astrocytic foot processes that make astrocytes swell rapidly in
response to an osmotic gradient.

The forces driving water flow to form cytotoxic edema are osmotic, generated in
brain injury conditions (ischemia, trauma, hypoxia) by disturbances in ionic home-
ostasis due to failure of the Na*/K* ATPase and/or dramatic influx of Na* and Ca**
via ionotropic glutamate receptors (excitotoxicity) and other ionic channels. These
pathological alterations in cellular ionic homeostasis result in Na* and water flow
from the intravascular and extracellular space into the intracellular compartment.

5 Vasogenic Brain Edema

The key feature of vasogenic edema is the breakdown of the BBB and subse-
quent leakage of the intravascular fluid into the extracellular space of the brain
parenchyma resulting in expansion of the extracellular space. Vasogenic edema
moves more readily in between the linearly arranged fibers that form the white mat-
ter. The gray matter restricts water movement because of the dense nature of the
neuropil, whereas the more loosely connected long fiber tracts can be separated to
allow edema fluid to flow. Because of the lack of cell damage in vasogenic edema,
once the damage to the blood vessel resolves, there may be a return to normal in
the edematous tissue. This is generally not the case in cytotoxic edema, which is
due to direct injury to the cells. White matter fiber tracts provide conduits for the
bulk flow of vasogenic edema (Cserr and Ostrach, 1974; Rosenberg et al., 1980).
Characteristic patterns of increased water in the projections of the white matter
beneath the cortical ribbon can be readily observed in certain MRI pulse sequences
(Fig. 3).
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Fig. 3 (a) T2-weighted MR image with anatomical location of the WM damage in a rat model
of chronic hypoperfusion induced by permanent ligation of the bilateral common carotid arteries.
WM damage is seen as a subtle region of diffuse signal loss in the medial corpus callosum (arrow).
The region of damage is variable between rats and varies from medial WM loss in some rats to
lateral in others or a more generalized bilateral signal loss. (b) ADC map reconstructed from raw
DWI MRI data slice matched to the T2w images. The ADC map shows bilateral regions of increase
ADC values (hyperintense region on the map) with the region of higher signal more pronounced
on the right side (arrow). (c¢) Image generated by overlaying converted multicolor ADC map over
structural T2w image, showing the increased ADC in the white matter (corpus callosum—white
arrow). Taken from Sood et al. (2009)

6 Role of Aquaporins in Brain Edema

Aquaporins (AQPs) are a family of at least 13 members of small membrane-
spanning proteins that assemble in cell membranes as homotetramers (Verkman
and Mitra, 2000; Agre et al., 2002; Verkman, 2005). Each monomer is approxi-
mately 30 kDa and six a-helical domains with cytosolically oriented amino- and
carboxy-termini surround the water pore (Verkman and Mitra, 2000). AQPs can
transport water in both directions (Tait et al., 2008). Early experiments demonstrat-
ing that erythrocyte membranes are more permeable to water than expected from
water diffusion through a lipid bilayer provided the first experimental evidence of
the existence of AQPs (Sidel and Solomon, 1957).

The principal AQP in mammalian brain is AQP4. Brain AQP4 is heavily
expressed at the borders between brain parenchyma and major fluid compartments
including astrocytic foot processes, glia limitans, ependymal cells, and subependy-
mal astrocytes (Nielsen et al., 1997; Rash et al., 1998; Badaut et al., 2002). This
distribution pattern indicates that AQP4 controls water flow into and out of the brain
(Tait et al., 2008). AQP1 is expressed in the apical membrane of the choroid plexus
and plays an important role in CSF formation (Boassa et al., 2006; Zador et al.,
2007; Tait et al., 2008). There is controversy about whether AQP9 is expressed in the
brain (Zador et al., 2007; Tait et al., 2008). However, a recent study using mice with
targeted deletion of the AQP9 gene provides conclusive evidence for expression of
AQP?9 in neurons (Mylonakou et al., 2009).

Water moving from the blood into the brain through an intact BBB has to cross
three membranes: luminal and abluminal endothelial cell membranes, and the mem-
brane of the astrocyte foot processes (Kimelberg, 2004; Tait et al., 2008). High
density of AQP4 is present in the vascular-facing astrocytic membranes. Although
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at a lower density, AQP4 is also expressed in endothelial cell membranes. Because
of the close apposition of the astrocytic foot processes and their high density of
AQP4, water that crosses the BBB will rapidly and preferentially end up in the
perivascular astrocyte (Kimelberg, 2004).

AQP4 is likely to be one of the most abundant molecules at the brain—blood
interface and has been shown to play an important role in edema associated with
many brain pathologies (Badaut et al., 2002; Zeynalov et al., 2008). In a clinically
relevant model of ischemic stroke, AQP4 knock-out mice had decreased cerebral
edema and improved outcome. In AQP4-deficient mice, brain tissue water content
and swelling of pericapillary astrocytic foot processes were significantly reduced in
comparison with wild-type controls (Manley et al., 2000). Similarly, in a model of
water intoxication, AQP4-null mice display a decreased brain water content and
a significant improvement in survival (Manley et al., 2000; Zador et al., 2007).
Significantly reduced brain edema after cerebral ischemia and water intoxication
has been reported in a-syntrophin-deficient mice, which have reduced AQP4 expres-
sion in astrocyte foot processes (Amiry-Moghaddam et al., 2003, 2004). Transgenic
mice overexpressing endothelin-1 in astrocytes showed more BBB disruption with
increased water accumulation and brain edema possibly because of elevated AQP4
expression in astrocytic end-feet following temporary focal cerebral ischemia (Lo
et al., 2005).

Deletion of AQP4 reduces edema in models in which cytotoxic edema is
the predominant pathophysiological mechanism. However, in conditions in which
vasogenic edema is significant, AQP4 deletion exacerbates brain edema (Zador
et al., 2007). AQP4 function has been demonstrated to be of great impor-
tance in the clearance of extracellular fluid and resolution of vasogenic edema
(Papadopoulos et al., 2004; Zador et al., 2007). AQP4 deletion results in increased
brain swelling in vasogenic edema because of impaired removal of excess brain
water through glial limitans and ependymal barriers. AQP4-deficient mice have
higher intracranial pressure (ICP) and brain water content after continuous intra-
parenchymal fluid infusion. In a freeze-injury model of vasogenic brain edema,
AQP4-deficient mice had remarkably worse clinical outcome, higher ICP, and
greater brain water content. Similarly, in a brain tumor edema model involving
stereotactic implantation of melanoma cells, tumor growth was comparable in
wild-type and AQP4-deficient mice. However, AQP4-deficient mice had higher
ICP and corresponding accelerated neurological deterioration (Papadopoulos et al.,
2004; Zador et al., 2007). Results from these studies indicate that AQP4-mediated
transcellular water movement is crucial for fluid clearance in vasogenic brain
edema.

Together, these studies emphasize the importance of AQPs in water flux and brain
edema formation and suggest that AQPs are potential targets for drug development.
In addition to controlling brain water balance, AQPs participate in cell migration and
neuronal excitability (Papadopoulos and Verkman, 2008; Tait et al., 2008). The com-
plex involvement of AQPs in multiple aspects of brain function, and the opposite
role of AQPs in cytotoxic and vasogenic edema, will require greater understanding
before AQPs can be considered targets of therapy.
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7 Injury Cascade in Brain Edema: Molecular Mechanisms

Following brain injury, a cascade of highly interconnected pathological events
triggers edema (Fig. 4). Alteration of ionic homeostasis due to metabolic fail-
ure is the main process resulting in cytotoxic edema. In addition to the injury
occurring at the cell membrane, there are other molecular mechanisms involv-
ing the extracellular matrix and endothelial cells that lead to the breakdown of
the BBB associated with vasogenic edema. Although the number of molecules
involved in cell death is large, the timing of expression results in a cascade
effect that evolves over days and weeks. The initial events result in loss of
energy stores, fall in ATP, and rise in extracellular glutamate. Excitation of mem-
brane glutamate channels allows Ca2* to enter the cell, triggering mitochondrial
damage and induction of cytokines, proteases, and free radicals. The final com-
mon pathways of cell death involve acid hydrolases and neutral proteases, such
as plasminogen activator/plasmin and matrix metalloproteinases (MMPs). Free
radicals of nitrogen and oxygen add to the damage. Other molecules that are
involved in these cascades include vasopressin Vla receptors, bradykinin, and
prostaglandins.
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Fig. 4 Molecular cascade involved in cerebral edema. The time course of events is depicted at
the top of the drawing beginning with the initiating ischemic event and progressing over sev-
eral weeks. In the first hours, there is energy failure with Ca®* and glutamate entering the cells.
The cell swelling produces cytotoxic edema. HIF-1a is formed. Furin, an intracellular convertase
that activates membrane type metalloproteinase (MT1-MMP), is formed. The activated MT1-
MMP activates the constitutively expressed MMP-2. Reversible opening of the BBB occurs. After
24-48 h there is formation of a second group of molecules that turn on cassettes of genes. The
cytokines include TNF-o and IL-1f, which activate transcription factors to induce MMP-3 and
MMP-9. The second wave of MMPs leads to irreversible damage to the BBB with delayed vaso-
genic edema. Induction of caspases occurs in the nucleus and apoptosis takes place. Finally,
angiogenesis and neurogenesis participate in the repair process
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7.1 Cation Channels Involved in Cytotoxic Edema

The Na*/K* ATPase is the main active transport mechanism responsible for main-
taining ionic homeostasis, and this process involves continuous expenditure of ATP.
Normal cell volume depends on the constant extrusion of intracellular Na* by the
Na*/K* ATPase. Ischemia/hypoxia results in abrogation of mitochondrial oxidative
phosphorylation, and a rapid loss of ATP compromising the cellular ionic home-
ostasis. Sodium ion influx drives CI” influx via chloride channels, resulting in an
increased osmolarity inside the cell that drives inflow of water mainly via AQP
channels (Badaut et al., 2002; Amiry-Moghaddam and Ottersen, 2003; Liang et al.,
2007). Membrane blebbing is a characteristic morphological alteration of cytotoxic
edema. Oncosis (from the Greek oncos, meaning swelling) describes the cell death
induced by cytotoxic edema. No significant alterations in the BBB are seen in the
initial stages of cytotoxic edema, and fluid movement from the extracellular space
into the cell does not lead to any change in total brain volume (Liang et al., 2007).

Shortly after middle cerebral artery occlusion (MCAO), cytotoxic edema occurs.
Swelling of astrocytes is more prominent than neuronal swelling. Astrocytes are
highly vulnerable to cytotoxic edema because they are involved in clearance of K*
and glutamate, which cause high osmolarity and promote water inflow. Moreover,
the expression of high levels of AQP4 in astrocytes makes them selectively vulner-
able to pathological swelling following ischemia/hypoxia (Liang et al., 2007; Zador
et al., 2007).

Cerebral tissue acidosis following ischemia or traumatic brain injury contributes
to cytotoxic brain edema formation. In vitro lactacidosis induces swelling of
glial cells by intracellular Na*- and CI~ accumulation by the Na*/H*-antiporter,
CI"/HCO3™ antiporters, and the Na*—K*-2Cl~ cotransport (Staub et al., 1990;
Ringel et al., 2006a).

Many studies have shown that pharmacological blockade of ion channels, includ-
ing nonselective cation channels, reduces cytotoxic edema and ischemic brain injury
in animal models of focal ischemia (Hoehn-Berlage et al., 1997; Miller, 2004; Liang
et al., 2007). The following cation channels have been shown to participate in the
development of cytotoxic edema following brain injury: NMDA receptor chan-
nel, acid-sensing ion channels (ASIC), sulfonylurea receptor 1 (SUR1)-regulated
NCca-arp channels, TRP channels, and the electroneutral cotransporter NKCC
channel.

The SURI-regulated NCca-arp channel has recently received much attention
due to growing evidence from preclinical and clinical studies demonstrating the
therapeutic potential of blocking SUR1 by sulfonylureas such as glibenclamide (gly-
buride) in conditions associated with cytotoxic edema, such as ischemic stroke and
spinal cord injury (Kunte et al., 2007; Simard et al., 2007, 2008; Simard et al.,
2009b, a). The SUR1-regulated NCca-arp channel is not constitutively expressed
in the CNS, but is strongly upregulated under conditions of hypoxia or injury
in all members of the neurovascular unit. The SUR1-regulated NCc,-aTp channel
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conducts all inorganic monovalent cations and opening of this channel induces a
strong inward current that depolarizes the cell completely and leads to oncotic cell
swelling (Simard et al., 2008). In a rodent model of massive ischemic stroke with
malignant cerebral edema, pharmacological blockade of SUR1-regulated NCca-aTp
channel with glibenclamide reduced mortality and cerebral edema by half (Simard
et al., 2006).

7.2 Role of MMPs in the Formation of Vasogenic Edema

Several recent reviews have been published on MMPs in brain injury (Ning et al.,
2008; Candelario-Jalil et al., 2009; Rosenberg, 2009). This section focuses only on
their role in BBB disruption and formation of vasogenic edema.

Proteases contribute to the inflammatory response to injury, forming a final com-
mon pathway that leads to BBB breakdown, hemorrhage, and cell death. After
traumatic and ischemic injuries, there is a buildup of lactate, which is increased with
hyperglycemia. Acidosis leads to release of acid hydrolases, which are destructive
enzymes that attack cellular components, including membranes, resulting in cell
necrosis. In situations where the pH remains neutral, increases in intracellular cal-
cium and cytokines cause induction of neutral proteases. The main neutral proteases
are the extracellular matrix-degrading MMPs, plasminogen activator/plasmin, and
caspases.

Matrix metalloproteinases are a gene family of 26 zinc-dependent proteases that
act on the extracellular matrix during injury and repair (Yong, 2005). Normally they
contribute to the remodeling of extracellular matrix, angiogenesis, and neurogenesis
(Wang et al., 2006). The MMPs are produced in a latent form and remain inactive
until they are activated by other proteases or free radicals (Cunningham et al., 2005;
Liu and Rosenberg, 2005). During an inflammatory response as part of an injury,
inducible MMPs with AP-1 and NF-«B sites in their gene promoter regions, are
induced by cytokines, such as tumor necrosis factor-a (TNF-a) and interleukin-1§
(IL-1B) (Rosenberg, 2002). MMPs break down the basal lamina and tight junction
proteins, opening the BBB and leading to hemorrhage (Yang et al., 2007). The plas-
minogen activator/plasmin system contributes to the vascular injury directly and
indirectly by activating the MMPs (Cuzner and Opdenakker, 1999).

As part of the neuroinflammatory response in brain hypoxia—ischemia, multi-
ple sclerosis, and CNS infections, MMPs mediate the increased permeability of the
BBB, which leads to vasogenic edema. MMPs attack proteins of the extracellular
matrix including collagen type IV, laminin, fibronectin, and proteoglycans (Asahi
et al., 2001; Rosenberg, 2002; Gu et al., 2005). Degradation of basal lamina com-
ponents by MMPs compromises the structural integrity of capillaries. Proteolytic
weakening of the vessel walls may also increase risks of rupture and hemor-
rhage (Mun-Bryce and Rosenberg, 1998). In addition, tight junction proteins in
endothelial cells are susceptible to MMP proteolysis. Occludin, claudin-5, and ZO-
1 are vulnerable to attack by MMPs in ischemic brain injury (Asahi et al., 2001;
Rosenberg and Yang, 2007; Yang et al., 2007; McColl et al., 2008; Liu et al.,
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2009), neuroinflammation (Gurney et al., 2006; Reijerkerk et al., 2006), and gliomas
(Ishihara et al., 2008).

The plasminogen/plasmin system acts in synergy with the MMPs. Plasmin is an
activator of several MMPs. This is important in the treatment of acute stroke with
tissue plasminogen activator (tPA). The risk of hemorrhagic conversion after tPA
treatment is increased when the time between stroke onset and the injection of the
drug is over 1 h; as the time increases, the risk of BBB disruption with hemorrhage
leading to death, also increases. The tPA lyses the fibrin clot in the blood vessel and
restores flow to the ischemic brain tissue. When the BBB is opened, as occurs in the
early stages of a stroke due to the production of MMP-2, the tPA escapes into the
brain tissue where it activates MMP-9. Inhibitors to MMPs block the opening of the
BBB and reduce the risk of hemorrhage after tPA treatment (Lapchak et al., 2000;
Pfefferkorn and Rosenberg, 2003; Wang et al., 2004; Murata et al., 2008).

Cerebral ischemia activates latent MMPs and induces de novo synthesis and
release of MMPs (Rosenberg et al., 1996a; Romanic et al., 1998; Rosenberg et al.,
1998; Heo et al., 1999; Asahi et al., 2000). MMP inhibitors significantly reduce
vasogenic brain edema following ischemia (Rosenberg et al., 1998; Lapchak et al.,
2000; Gasche et al., 2001; Copin et al., 2008).

Pharmacological blockade of MMPs using broad-spectrum inhibitors signifi-
cantly reduces brain edema following intracerebral hemorrhage (Rosenberg and
Navratil, 1997), cortical impact injury (Shigemori et al., 2006), and bacterial menin-
gitis (Paul et al., 1998; Leib et al., 2000, 2001). This body of experimental evidence
emphasizes the key role of MMPs in BBB damage and edema formation in a wide
range of neuropathological conditions.

7.3 Oxidative Stress and Brain Edema

Free radical formation is an important contributor to cell death and brain injury
in many neurological diseases. Shortly after brain damage by hypoxia—ischemia,
hemorrhage, or trauma, excessive reactive oxygen species (ROS) production occurs,
and at the same time, there is an impairment of antioxidant protective mechanisms,
which leads to oxidative stress (Heo et al., 2005).

During cerebral ischemia, ROS contribute to cytotoxic edema by perturbing the
functioning of plasma membrane ion transport systems such as Na*-K*-ATPase,
Ca”*-ATPase and Na*—Ca®* exchanger. The proposed mechanisms underlying ion
transport modulation by ROS include the peroxidation of membrane phospholipids,
the oxidation of sulfhydryl groups located on the ion transport proteins, and oxida-
tive protein modification (Kourie, 1998). Oxidative stress triggers the release of
mediators known to be responsible for cytotoxic cell swelling, such as K* ions,
glutamate, and lactic and arachidonic acid (Ringel et al., 2006b).

Oxidative stress damages endothelial cells of the BBB and contributes to vaso-
genic edema (Chan et al., 1984; Chan, 2001). Incubation of endothelial cells
with ROS-generating systems increases the permeability of endothelial monolayers
(Imaizumi et al., 1996; Lagrange et al., 1999; Fischer et al., 2005). The superoxide
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radical (O,™*) has been identified as the primary ROS involved in increased vascu-
lar permeability and edema formation in global and focal cerebral ischemia, cold
brain injury, and brain tumors (Heo et al., 2005). Scavenging O,~* radicals using
recombinant superoxide dismutase (SOD) or polyethylene glycol-SOD reduces
ischemia-induced BBB injury and vasogenic edema (Armstead et al., 1992; Schleien
et al.,, 1994). Treatment of ischemic rats with encapsulated SOD in biodegrad-
able poly (D,L-lactide co-glycolide) nanoparticles (SOD-NPs) maintained BBB
integrity, thereby preventing edema, reduced oxidative injury following reperfu-
sion, and protected neurons from undergoing apoptosis (Reddy and Labhasetwar,
2009). Further evidence emphasizing the important role of ROS formation in
brain edema development comes from transgenic animals overexpressing antioXi-
dant enzymes. Brain water content and infarct size are significantly reduced after
transient focal cerebral ischemia in transgenic mice overexpressing the human
Cu,Zn-SOD (SOD1) compared with nontransgenic controls (Kinouchi et al., 1991;
Yang et al., 1994; Kokubo et al., 2002). These SOD1-overexpressing mice also have
reduced vasogenic edema and infarction after cold-trauma brain injury (Chan et al.,
1991). Conversely, mice bearing a disruption of the SOD1 gene had increased infarct
volume and brain swelling after temporary focal cerebral ischemia (Kondo et al.,
1997), but not following permanent focal ischemia where there is no reperfusion
injury (Fujimura et al., 2001).

Hyperglycemia increases oxidative stress and MMP-9 expression/activity, exac-
erbating BBB breakdown and dramatically increasing edema formation after
ischemia-reperfusion injury in the rat (Kamada et al., 2007). Heterozygous SODI
transgenic rats, carrying human SODI genes with a four- to sixfold increase in
Cu/Zn SOD activity, showed a significant reduction in hyperglycemia-induced
Evans blue leakage, vasogenic edema, and MMP-9 activation after experimental
ischemia compared with control nontransgenic rats (Kamada et al., 2007).

Transgenic mice overexpressing the intracellular form of glutathione peroxidase
(GPx1) displayed reduced infarct size and edema formation compared with non-
transgenic mice at 24 h of reperfusion following 1 h of middle cerebral artery
occlusion (Weisbrot-Lefkowitz et al., 1998; Ishibashi et al., 2002). Absence of GPx1
exacerbates cerebral ischemia-reperfusion injury as shown by larger infarct vol-
umes, increased activation of MMP-9, and a dramatic disruption of the BBB in
GPx1-null mice compared with wild-type controls (Wong et al., 2008).

The gp®'PhoX (Nox2) containing NADPH oxidase is an important source of ROS
during cerebral ischemia (Kunz et al., 2007). It has been demonstrated that genetic
deletion of gp?!Ph°X confers protection against ischemic stroke in mice (Walder
etal., 1997). In gpglph(’X deficient mice, ischemic stroke-induced BBB breakdown,
brain edema, and lesion volume were largely attenuated compared with those in
wild-type mice (Kahles et al., 2007). In another study, intracerebral injection of col-
lagenase produced less bleeding in gp®'PP** null mice than wild-type animals. Brain
edema formation, neurological deficit and a high mortality rate were observed in
wild-type, but not in gp?'P"°% knock-out mice (Tang et al., 2005). These studies
suggest that formation of ROS by NADPH oxidase plays a central role in BBB
injury and edema in stroke and intracerebral hemorrhage.
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Nitric oxide (NO) is a free radical that has both beneficial and deleterious
actions during ischemia/reperfusion depending on the cell type in which it is gen-
erated (Gursoy-Ozdemir et al., 2004). Excessive NO generation by neuronal nitric
oxide synthase (nNOS) is cytotoxic (Huang et al., 1994). On the contrary, endothe-
lial nitric oxide synthase (eNOS) knock-outs develop larger infarcts because NO
of endothelial origin promotes survival by improving blood flow during ischemia
(Huang et al., 1996; Gursoy-Ozdemir et al., 2004). However, excessive production
of NO by eNOS during reperfusion may contribute to ischemic brain injury via
peroxynitrite formation, which is the product of the reaction between NO and super-
oxide radical (Gursoy-Ozdemir et al., 2000, 2004; Han et al., 2006). In a model of
transient focal ischemia in the mouse, superoxide and peroxynitrite formation was
particularly intense in microvessels and astrocytic end-foot processes surrounding
them. There was colocalization of sites with peroxynitrite formation and vascular
injury, as shown by increased Evans blue leakage and MMP-9 labeling, suggest-
ing an association between peroxynitrite and microvascular injury (Gursoy-Ozdemir
et al., 2004). Nonselective NOS inhibition has been shown to significantly reduce
brain edema, BBB disruption, and infarct size in experimental stroke (Nagafuji et al.,
1992; Kozniewska et al., 1995).

Many studies have shown that synthetic antioxidant compounds significantly
reduce brain edema formation in experimental models of hemorrhage (Nakamura
et al., 2004, 2008) and ischemia (Ding-Zhou et al., 2003b; Ginsberg et al., 2003;
Suda et al., 2007).

7.4 Involvement of Vasopressin in Cerebral Edema

Arginine vasopressin (AVP) is a neuropeptide that is synthesized in the hypotha-
lamus and transported to the neurohypophysis, from where it is released into the
blood. AVP is commonly known as the antidiuretic hormone because it increases
water reabsorption by the kidney.

Centrally released AVP contributes to brain capillary water permeability, brain
ionic homeostasis, and the regulation of CSF production (Rosenberg et al., 1990;
Niermann et al., 2001; Bhardwaj, 2006). AVP mediates its action through three
G-protein coupled receptors: Vl1a, V1b, and V2. Unlike V2 receptors, V1a and V1b
are widely expressed in the brain. There is a causative role for centrally formed AVP
in brain edema formation following cerebral damage including trauma and ischemia
(Doczi et al., 1984; Dickinson and Betz, 1992; Shuaib et al., 2002). AVP, through
a V1 receptor- and [Ca’*]-dependent mechanism, stimulates the BBB Na-K-CI
cotransporter to participate in ischemia-induced edema formation (O’Donnell et al.,
2005). Antagonists of vasopressin V1 receptors confer significant protection against
brain edema and neuronal cell death induced by ischemia (Ikeda et al., 1997a; Laszlo
et al., 1999; Shuaib et al., 2002; Vakili et al., 2005; Molnar et al., 2008a, b), hem-
orrhage (Rosenberg et al., 1992), traumatic brain injury (Szmydynger-Chodobska
et al., 2004; Pascale et al., 2006; Trabold et al., 2008), subarachnoid hemorrhage
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(Doczi et al., 1984; Laszlo et al., 1999), and cold-induced vasogenic edema (Ikeda
et al., 1997b; Bemana and Nagao, 1999). There is a relationship between AVP and
AQP in the kidney, but the interaction between AVP and water channels in the brain
remains to be elucidated.

7.5 Vascular Endothelial Growth Factor and Angiopoietins

Vascular endothelial growth factor (VEGF) and angiopoietins are families of
vascular-specific growth factors that regulate blood vessel growth, maturation, and
function (Thurston, 2002). VEGF, the predominant angiogenic growth factor, trig-
gers endothelial cell proliferation, migration, and increased vascular permeability
due to the formation of nascent vessels, which essentially consist of immature
endothelium with few pericytes and little mature matrix (Carmeliet, 2003; Ferrara
et al., 2003; Ballabh et al., 2007). By acting as a capillary permeability-enhancing
agent, VEGEF also affects the integrity of the BBB.

The angiopoietins, Ang-1 and Ang-2, differently modulate the actions of VEGF
in angiogenesis (Zhu et al., 2005). In particular, Ang-1 and its endothelial recep-
tor, Tie2, mediate the maturation and stabilization of VEGF-induced vasculature by
promoting the recruitment of smooth muscle cells (pericytes) to the abluminal sur-
face of the newly generated vascular bed, promoting the structural integrity of blood
vessels (Yancopoulos et al., 2000; Ballabh et al., 2007). In contrast, Ang-2, a nat-
ural antagonist of Ang-1, is associated with both initial angiogenesis and capillary
destabilization. An increase in the expression of Ang-2 in the presence of VEGF
promotes vessel sprouting and increased vascular permeability (Carmeliet, 2003;
Roviezzo et al., 2005).

VEGEF is an angiogenic factor that induces increased permeability of the BBB
leading to the formation of edema following ischemia—hypoxia (Mayhan, 1999;
Schoch et al., 2002; Kaur and Ling, 2008). VEGF is associated with endothelial
proliferation and neovascularization, suggesting that VEGF promotes angiogene-
sis and repair following stroke (Zhang et al., 2002). However, new vessels lack a
fully mature BBB, and are consequently leaky (Zhang and Chopp, 2002). VEGF
also directly increases the permeability of the BBB via the synthesis/release of
nitric oxide and subsequent activation of soluble guanylate cyclase (Mayhan, 1999).
Furthermore, VEGF may increase BBB permeability by inducing alterations in
endothelial TJP. It has been shown in vitro that VEGF significantly reduces occludin
and ZO-1 expression and disrupts the molecular organization of both proteins,
which leads to tight junction disassembly (Wang et al., 2001; Fischer et al.,
2002).

Increased VEGF production following ischemia has been shown to contribute
to BBB disruption and vasogenic edema (Zhang et al., 2000). Astrocytes are the
main cell type expressing VEGF following brain ischemia (Kaur et al., 2006).
Antagonism of VEGF using a fusion protein, mFlt (1-3)-IgG, which sequesters
VEGF, reduces ischemia/reperfusion-related brain edema and injury (van Bruggen
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et al., 1999). Inhibition of endogenous VEGF by topical application of an anti-
VEGF antibody in the ischemic cortex decreased extravasation of 14C_AIB, which
suggests that endogenous VEGF is in part responsible for the BBB breakdown
during the early stage of focal cerebral ischemia (Chi et al., 2007).

In cerebral ischemia, Ang-1 is able to antagonize VEGF-mediated BBB disrup-
tion, in association with inhibition of MMP-9 activity (Valable et al., 2005). In
ischemic animals, administration of VEGF leads to increased BBB permeability
and to an induction of MMP-9 activity. Conversely, the coadministration of Ang-1
and VEGF blocks the BBB disruption and reduces MMP-9 activity, resulting in a
dramatic reduction in edema volume (Valable et al., 2005). On the contrary, the com-
bined administration of VEGF and Ang-2 leads to an increase in MMP-9 activity
and BBB disruption (Zhu et al., 2005).

7.6 Bradykinin

Bradykinin is an endogenous inflammatory substance that increases vascular per-
meability and produces tissue edema. The kallikrein—kinin system is very rapidly
activated following brain injury resulting in the activation of kallikrein that cleaves
kininogen to produce bradykinin. The effects of bradykinin are mediated by two
different receptors: B1 and B2. Very low levels of B1 are found under normal con-
ditions. In contrast, the B2 receptor is constitutively expressed in a wide variety of
tissues including the brain and mediates the majority of bradykinin effects (Couture
etal., 2001).

Bradykinin promotes edema as shown in numerous models of brain injury includ-
ing bacterial meningitis (Lorenzl et al., 1996), traumatic brain and spinal cord injury
(Plesnila et al., 2001; Hellal et al., 2003; Ivashkova et al., 2006), and cerebral
ischemia (Lehmberg et al., 2003; Groger et al., 2005; Klasner et al., 2006; Lumenta
et al., 2006).

There are conflicting data on the specific role of B1 versus B2 receptors in
bradykinin-induced edema following focal cerebral ischemia. A large number of
studies indicate that blockade of the B2 receptor using pharmacological agents
dramatically reduces edema and infarct size, and improves neurological func-
tion in animal models (Zausinger et al., 2002; Ding-Zhou et al., 2003a; Klasner
et al., 2006; Lumenta et al., 2006). Kinin B2-deficient mice had improved motor
function, smaller infarct volumes, and developed less brain edema than wild-type
controls after focal cerebral ischemia (Groger et al., 2005). Contrary to these
data, it has been found that postischemic brain injury is dramatically exacer-
bated in B2-null mice following temporary middle cerebral artery occlusion (Xia
et al.,, 2006). Compared with wild-type controls, mice lacking the bradykinin
B2 receptor displayed a higher mortality rate and neurological deficit scores,
larger infarct volumes, more apoptosis, and increased neutrophil infiltration after
ischemic stroke (Xia et al., 2006), suggesting that the B2 receptor promotes sur-
vival and suppresses apoptosis and inflammation after cerebral ischemia. Adding
even more to the controversy on the role of bradykinin receptors in ischemic brain
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injury, a recent study has found that B2 deficiency did not confer neuroprotec-
tion and had no effect on the development of brain edema in a mouse model
of focal ischemia (Austinat et al., 2009). Interestingly, B1 receptor knock-out
mice developed smaller brain infarction, and fewer neurological deficits com-
pared with wild-type controls. This was accompanied by a significant reduction
in edema and endothelin-1 expression, as well as less neuroinflammation (Austinat
et al., 2009).

7.7 Arachidonic Acid and Brain Edema

Arachidonic acid is a polyunsaturated fatty acid that is released from membrane
phospholipids by the action of phospholipase A, (Bosetti, 2007). Large amounts
of arachidonic acid are released following brain ischemia and trauma (Phillis and
O’Regan, 2004; Phillis et al., 2006). Arachidonic acid has been implicated in
vasogenic cerebral edema (Chan and Fishman, 1984; Staub et al., 1994). The dele-
terious effects of arachidonic acid, which may contribute to cerebral edema, include
enhanced production of prostanoids and free radicals via its metabolism by cyclo-
oxygenase (COX) and lipoxygenase (LOX) enzymes. However, it was found in a
previous in vitro study using C6 cells that arachidonic acid-induced glial swelling
is not due to formation of prostaglandins and leukotrienes (Winkler et al., 2000).
The authors speculated on the possible mechanism, but it remains to be deter-
mined how arachidonic acid directly induces glia cell swelling in this in vitro
model.

It has been shown that arachidonic acid metabolism could contribute to the
pathogenesis of cerebral edema. Treatment with indomethacin, a COX inhibitor,
nordihydroguaiaretic acid, a LOX inhibitor, or their combination significantly
reduced vasogenic edema induced by freezing lesions (Yen and Lee, 1987).
5-LOX inhibitors significantly decreased vascular permeability both within the
tumors and in brain adjacent to tumor, suggesting that capillary permeability is influ-
enced by endogenous leukotrienes, which play an important role in brain tumor
edema (Baba et al., 1992). Similarly, in transient focal cerebral ischemia, leak-
age of immunoglobulin G into the brain parenchyma was significantly reduced in
12/15-LOX knock-out mice as well as wild-type mice treated with baicalein, a LOX
inhibitor. Likewise, brain edema was significantly ameliorated in 12/15-LOX null
mice and baicalein-treated wild-type animals (Jin et al., 2008).

Experimental evidence indicates that COX modulates BBB permeability in
neuroinflammatory conditions, ischemia, and hemorrhage. The COX inhibitor,
KBT-3022, prevented brain edema induced by bilateral carotid occlusion and
recirculation in gerbils (Yamamoto et al., 1996). In the collagenase model of
intracerebral hemorrhage, the brain water content of rats treated with the COX-2
inhibitor, celecoxib, decreased both in lesioned and nonlesioned hemispheres in
a dose-dependent manner, which was accompanied with reduced perihematomal
cell death (Chu et al., 2004). Delayed damage to the BBB and vasogenic edema,
which follow ischemic stroke, were significantly diminished by administration of
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the COX-2 inhibitor nimesulide (Candelario-Jalil et al., 2007a). Inhibition of COX
activity with indomethacin prevented BBB damage following intracerebral admin-
istration of TNF-a in the rat. Indomethacin significantly reduced TNF-a-induced
MMP-9 and MMP-3 expression and activity and attenuated free radical formation
(Candelario-Jalil et al., 2007b).

8 Imaging Brain Edema

Technological advances in brain imaging have revolutionized diagnosis of cere-
bral edema. This occurred through the development of tomographic imaging,
beginning with computed tomography (CT) and complemented with magnetic res-
onance imaging (MRI). These methods essentially image water in brain tissue
either through the loss of tissue density that blocked X-rays in CT or the gain
of water that is the main source of signal in MRI. The theories related to shifts
in water that result in the imbalance associated with edema have been described
above. The manner in which images are generated in either method depends
strongly on the movement of water between the intra- and extracellular compart-
ments and the movement of water into the brain across an injured blood vessel.
Current concepts relate the changes seen in images are due to changes in the
intracellular—extracellular water ratio secondary to disruption of intracellular energy
metabolism and loss of ionic gradients. Cellular swelling reduces extracellular space
and increases tortuosity of extracellular space pathways; there is a restriction of
water movement between cells in cytotoxic edema that rapidly affects the diffu-
sion of water and results in a decrease in the apparent diffusion coefficient (ADC)
of water. Conversely, when the extracellular space expands as water crosses into
the brain and enters the extracellular space, there is an increase in water diffu-
sion that appears as an increase in the ADC. When there is an ischemic insult,
cells swell and water enters the intracellular compartment without an increase in
total water content in the affected zone. Fig. 5 schematically shows the hypo-
thetical changes in water diffusion within different compartments as results of
edema.

8.1 Imaging by CT

Brain tissue water content is inversely correlated with X-ray attenuation and can
thus be measured with CT (Rieth et al., 1980; Unger et al., 1988; Dzialowski et al.,
2004). Hypoattenuated areas on CT represent an increase in the net water content
of the involved brain parenchyma. Lowering of CT attenuation allows for quantifi-
cation and localization of edema, which is the result of net change in water content
of the area of interest. This increase in water content could be readily related to the
vasogenic edema. Based on this physics, different CT techniques have been devel-
oped to monitor edema: (1) noncontrast-enhanced CT (NECT), (2) perfusion CT
(PCT), and (3) CT angiography (CTA).
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Fig. 5 Diffusion of molecules can be restricted in closed spaces, such as cells. Diffusion might
also be hindered by obstacles that result in tortuous pathways. Exchange between compartments
also slows down molecular displacements. Left panel shows a model of the movement of fluids
(diffusion and bulk flow) with three compartments of healthy brain tissues. Bulk flow is seen in
vascular compartment while the diffusion happens in the interstitial spaces and cell compartments.
Right panel shows the changes in diffusion of water as a result of edema. Molecular displacement
between compartments increases as a result of BBB breakdown in vasogenic edema. Tortuosity
will decrease as intracellular space is reduced

8.1.1 Noncontrast-Enhanced CT (NECT)

It has been shown that an increase by 1% of tissue water results in a decrease of
X-ray attenuation of 2.6 Hausfield units (HU) (Rieth et al., 1980; von Kummer
et al., 2001). For example, during MCA occlusion, attenuation decreased to 69.3
HU after 1 h, 66.6 HU after 2 h, 65.4 HU after 3 h, and 64.1 HU after 4 h. After
reperfusion, attenuation remained stable in the 1-h occlusion group but further and
steadily declined in the 2-, 3-, and 4-h occlusion groups. Attenuation during reperfu-
sion in the 1-h occlusion group differed significantly from that in the 2-, 3-, and 4-h
occlusion groups (Dzialowski et al., 2004, 2006, 2007). In comparison with ADC
measured by MRI, it was shown that CT measurements continue to decrease linearly
at a rate of 0.4 HU/h, whereas the decrease in ADC was almost completed after
1.5 h (Kucinski et al., 2002; Doczi and Schwarcz, 2003). Therefore, there should be
different causality for these observations. With NECT ischemic changes cannot be
observed before any morphological changes can be observed (von Kummer et al.,
2001); X-ray hypoattenuation at CT is highly specific for irreversible ischemic brain
damage (von Kummer et al., 2001). Therefore, NECT is not able to identify edema
before the appearance of vasogenic edema.

8.1.2 Perfusion CT

Two different methods have been used to achieve CT perfusion: xenon CT and
intravenous contrast-enhanced CT perfusion. Xenon CT provides an accurate
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quantitative measure of cerebral blood flow, but its use in an emergency setting
is limited. Contrast-enhanced perfusion CT studies are done by monitoring the first
pass of an iodinated contrast agent bolus through the cerebral vasculature (Hoeffner
et al., 2004; Wintermark et al., 2008). Any increase in Hausfield units is directly
proportional to the iodine concentration. Dynamic sequential acquisition of data
follows, and then data are analyzed to generate parameters of interest (e.g., cere-
bral blood volume, CBV; cerebral blood flow, CBF; and time to peak, TTP). PCT
has shown promise as a method for rapid assessment of cerebral hemodynamics.
The lesion size calculated by PCT was not different from the one calculated by
perfusion-weighted imaging (PWI) (Schramm et al., 2004) and DWI (Roberts et al.,
2001; Eastwood et al., 2003). Fig. 6 shows the superiority of PCT over NECT in
detecting the edema following ischemic stroke (Dhamija and Donnan, 2008).

Fig. 6 CT Perfusion: noncontrast-enhanced CT (NECT) and CT perfusion maps of a patient
presenting within 1 h of stroke onset. NECT was normal and CT perfusion revealed large penum-
bra in form of increased mean transient time (MTT), normal cerebral blood volume (CBV),
and reduced cerebral blood flow (CBF). (a) Normal NECT. (b) CT perfusion showing normal
CBV. (¢) CT perfusion showing reduced CBF. (d) CT perfusion showing increased MTT. Taken
from Dhamija and Donnan (2008). Available at the website of the journal Annals of Indian
Academy of Neurology. http://www.annalsofian.org/temp/AnnIndianAcadNeurol11512-4945421 _
134414.pdf
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8.2 Imaging by MRI

Common MR imaging is based on proton imaging; clinical proton imaging is largely
water imaging. MR can be adapted to provide noninvasive measurements of water
mobility and content in biological tissues. Several different techniques in MR imag-
ing have been developed to measure abnormalities in water mobility and water
content of tissues. Diffusion-weighted imaging (DWI) and diffusion tensor imag-
ing (DTI) have been developed to measure the changes in water mobility in cerebral
tissues. DWI measures one-dimensional distribution of water diffusion. The result
of DWI imaging is represented as an ADC map. On the other hand, DTIT measures
three-dimensional distribution of water diffusion. Two important parameters, frac-
tional anisotropy (FA) and mean diffusivity (MD) are calculated from DTI images
to represent the diffusion abnormalities.

T2-weighted imaging is used to measure the net change in water content of
underlying tissue. Similar to NECT, T2 weighted images detect vasogenic edema,
but are not sufficient to detect cytotoxic edema. The newest technique, susceptibility
weighted imaging (SWI), measures vasculature changes within the edema region.

8.2.1 T2-Weighted Imaging

T2 is the transverse relaxation time and shows how long transverse magnetization
would last in a uniform magnetic field. T2 relaxation depends on the presence
of static internal fields in the substances. These are generally due to protons on
large molecules. An important event in the pathophysiological cascade that leads to
infarction following ischemia is the net movement of water from the extracellular
space into the intracellular compartment without an increase in total water content
in the affected zone. Because of the lack of a change in water, the T2-weighted
image remains normal at this stage. When the BBB breaks down, leading to vaso-
genic edema, there is an increase in total water content, which produces the bright
signal on the T2-weighted image. The intense appearance of the vasogenic edema
on T2-weighted MR images is because the motion of protons in vasogenic edema is
not so slow. Therefore, T2 remains long. It was suggested that true infarct extent on
T2-weighted can probably only be assessed on scans obtained beyond seven weeks
after stroke (O’Brien et al., 2004).

8.2.2 Diffusion-Weighted Imaging (DWI)

Diffusion-weighted MRI measures water self-diffusion and depends on: (1) diffu-
sion distance within the cells, (2) tortuosity of the interstitial spaces (Helmer et al.,
1995), and (3) transport through the cell membrane. Diffusion-weighted imaging
assesses microscopic mobility of water. The rate of water diffusion within tissues
measured by conventional MR methods is found to be significantly lower than for
free solutions, and measurements are often summarized in terms of an ADC, which
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is a measure of the effective distance over which water can migrate within the tissue
within a specified time. The ADC differs from the intrinsic diffusion coefficient in
a manner that is dependent on the microstructure and composition of the tissue.

By obtaining images with gradients of differing strengths (i.e., differing b val-
ues), an ADC can be calculated, providing a quantitative measurement of water
translational motion independent of magnetic field strength and gradient strength.
To determine the ADC, at least two b values are needed. A number of pathologi-
cal conditions, such as ischemic stroke and prolonged seizures, produce significant
changes in the ADC compared with healthy tissues. Moreover, having ADC values
allows the in vivo monitoring of changes in the ratio of extracellular to intracellu-
lar volume and the development of cellular swelling or shrinkage by measuring the
ADC of the tissue water. In DWI images, regions with a high diffusion constant, for
example, ventricles, tend to be darker and those with low diffusion constant brighter.
The contrast of the ADC map is the inverse of DWI. DWI is more sensitive than CT
in the identification of acute ischemia and can visualize major ischemia more easily
than CT.

DWI has been adopted to evaluate the development of edema in clinical
and research applications in a variety of neurological disorders including stroke
(Provenzale and Sorensen, 1999; Neumann-Haefelin et al., 2000a, c¢; Neumann-
Haefelin et al., 2000b; Chan et al., 2002; Chen et al., 2006b; Taguchi et al., 2007),
head trauma (Marmarou et al., 2000b, a; Barzo et al., 2002), and metabolic distur-
bances such as systemic hyponatremia. Fig. 7 represents DWI images of a stroke
patient.

Fig. 7 (a) Diffusion-weighted MRI of a patient with large middle cerebral artery stroke. There is
involvement of the entire vessel territory with possibly some hemorrhage in the basal ganglia. The
image was made within hours of the infarct and there is minimal compression of the ventricles. (b)
CT days after the infarct shows the massive shift of the midline structures away from the evolving
mass lesion. Compression of the CSF outflow tracts causes the hydrocephalus with interstitial
edema in the white matter adjacent to the ventricles
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8.2.3 Diffusion Tensor Imaging (DTI)

When the diffusion is isotropic, the probability of finding a water molecule after a
certain time is spherical, which can be described by one parameter. Tissue water dif-
fusion is affected by the presence and orientation of barriers to translational motion
(Kremer et al., 2007; Rollins, 2007). The measured ADC values can vary depend-
ing on the direction in which the diffusion-sensitive gradients are applied. ADC is
direction-dependent especially in the WM area. In this case, we can assume that the
diffusion process leads to an elliptical shape of the probability with the longest axis
aligned along the fiber direction. In order to fully characterize the diffusion ellip-
soid six parameters are needed. These parameters are organized in a tensor, called
the diffusion tensor. Six diffusion constants along six independent axes are mea-
sured. Having a tensor data DTI measures the diffusion properties: (1) magnitude,
(2) direction, and (3) anisotropy of water molecule in tissues. DTT was used in a
mouse model of traumatic brain injury. At every time-point, DTT was more sensitive
to injury than conventional magnetic resonance imaging, and relative anisotropy dis-
tinguished injured from control mice with no overlap between groups. DTI changes
predicted the approximate time since trauma (Mac Donald et al., 2007). DTI has
been used in carbon monoxide poisoning to follow recovery (Terajima et al., 2008).

8.2.4 Susceptibility-Weighted Imaging (SWI)

Susceptibility differences between tissues have been used as a new type of MR con-
trast by SWI sequences (Haacke et al., 2004; Haacke, 2006; Hu et al., 2008; Haacke
etal., 2009). SW1is a fully velocity-compensated high-resolution 3-D gradient-echo
sequence that uses magnitude and filtered-phase information, both separately and in
combination with each other, to create new sources of contrast (Mittal et al., 2009).
In SWI, there is a kind of mixture of spin density, T1, T2*, CSF suppression, and
susceptibility sensitivity. SWI images reveal regions of edema identical to FLAIR
images because of short TR and comparatively longer TE, however, SWI does not
reveal a low signal in CSF because of a low flip angle. DWI highlights the edema-
tous regions affected by stroke, whereas SWI shows changes in oxygen saturation
along with other sources of susceptibility. Therefore, SWI demonstrates the affected
vascular territory in stroke. The hypothesis is that the deoxyhemoglobin content of
small vessels is increased over their normal values due to slower or restricted flow,
making these vessels visible (Haacke et al., 2004; Haacke, 2006; Hu et al., 2008;
Haacke et al., 2009).

9 Clinical Conditions Associated with Brain Edema

The consequences of brain edema depend on the amount of tissue involved, the
effect by intracranial pressure, and the threat of herniation. Small lesions such as
limited edema around a metastatic lesion or an early abscess may have little clinical
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impact. On the other hand, a large middle cerebral artery stroke with massive edema
may block CSF flow, resulting in unilateral hydrocephalus and herniation. When the
edema is generalized and the intracranial pressure massively increased as can occur
with head trauma, there is a threat of secondary ischemia due to loss of cerebral
blood flow.

Brain tumors cause brain edema through several mechanisms. Highly vascular
tumors often have vessels with leaky BBB and both the mass lesion and the vaso-
genic edema produce the pathological changes. In the case of metastatic tumors,
which can act as a foreign object, there is swelling in the tissue around the mass
from disruption of the BBB and cellular function. The resulting edema around the
metastatic tissue fans out into the white matter in fingerlike projections. Generally,
there are multiple masses due to metastatic lesions and one lesion in primary tumors.
With some tumors such as low-grade astrocytomas, which have tissue characteristics
close to normal brain tissue, relatively little edema accompanies the mass.

A different pattern is seen in the cerebral edema occurring with ischemia/
hypoxia. Lesions evolve over time as described above. The early energy failure
causes cellular swelling with cytotoxic edema. This can occur within minutes as
shown in DWI studies in animals. The cell swelling compresses the extracellular
space, constricting water diffusion, which appears on a diffusion-weighted MRI as
a hyperintense region with a corresponding dark area on the ADC scan (Fig. 7a).
Soon after the ischemic event, there is a transient opening of the BBB in reper-
fused brain. A second more severe opening is seen at 24—48 h in experimental
animals. These openings are associated with the expression of MMPs. Large infarcts
cause life-threatening edema because of compromise of blood flow and herniation
(Fig. 7b).

Purely vasogenic edema is uncommon in vascular disease. When there is a
sudden rise in blood pressure and the autoregulatory range of normal blood pressure
control is exceeded, an acute hypertensive crisis causes a pure form of vasogenic
edema. This is best illustrated in the young pregnant woman who has a sudden rise
in blood pressure during eclampsia (Fig. 8). The level of the blood pressure is less
important than the change. In a young person with normal blood vessels and a low
blood pressure, a marked increase, which may remain under what would be con-
sidered a normal range, could result in damage to the blood vessels. On the other
hand, a person with long-standing hypertension may tolerate a further rise without
developing vasogenic edema. In the hypertensive crisis, there is a predilection for
the posterior circulation to be involved more dramatically than the anterior circula-
tion. The vasogenic edema expands the extracellular space and fluid accumulated in
the white matter of the posterior regions, producing a characteristic pattern (Fig. 8).
The key to diagnosis lies in the MRI, where the lack of changes on DWI, with exten-
sive white matter edema on T2 and FLAIR images, indicates that an ischemic injury
has not occurred and without an ischemic/hypoxic injury, recovery generally occurs
over a period of several weeks.

Another pattern of edema is seen with inflammatory and infectious disease pro-
cesses. With infections, there is an upregulation of adhesion molecules on the inner
surface of the blood vessel. White blood cells cross the BBB and release proteases



152 E. Candelario-Jalil et al.

Fig. 8 Patient with hypertensive encephalopathy secondary to eclampsia with the HELLP (hemol-
ysis, elevated liver enzymes, and low platelets) syndrome. (a) A T2-weighted MRI showing the
extensive cerebral edema in the posterior white matter regions with less involvement of the gray
matter. (b) Diffusion-weighted images with only one small area of involvement. The lack of DWI
changes is consistent with this being a vasogenic type of edema, and the patient had a good recovery
without residual

and free radicals intended to fight the infection, but the resulting inflammatory
response can damage normal tissues. Bacterial and viral meningitis is by definition
limited to the meninges and does not lead to brain edema. However, in some individ-
uals there is penetration of the organisms into the brain along the Virchow—Robin
spaces. When there is meningoencephalitis, there is brain edema in the adjacent
brain. Occasionally the inflammation around the blood vessels penetrating the brain
causes a stroke further aggravating the injury region. When the parenchyma is
involved, the infection leads to a cerebritis, which eventually walls off, becoming an
abscess. The tissue around the abscess becomes edematous with vasogenic edema,
forming a ring around the outside of the lesion.

Another form of inflammatory response occurs in autoimmune processes, such
as multiple sclerosis, which involves infiltration primarily by T cells. The site of
the inflammation is the venules particularly in the white matter. A series of veins
in the region of the corpus callosum are vulnerable, producing enhancing lesions
that fan out from the corpus callosum. The myelinated fibers are the site of most of
the injury, however, recent evidence suggests that eventually the axons are damaged
in multiple sclerosis (Trapp et al., 1998). Loss of myelin leads to expression of
excess numbers of sodium channels. Glutamate channels are activated with calcium
overload. The denuded axons with excess sodium and glutamate channels are more
vulnerable to minor forms of hypoxia, making it possible that edema as part of an
hypoxia-related injury occurs in the white matter (Trapp and Stys, 2009).

Interstitial edema is seen in the periventricular regions in patients with hydro-
cephalus (Fig. 9). The widened extracellular space is the site of transependymal
flow of CSF. The movement of ISF into the frontal white matter leads to difficulty
walking and incontinence in the syndrome of normal pressure hydrocephalus.
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Fig. 9 Cerebellar infarct with secondary hydrocephalus and transependymal fluid movement
(interstitial edema). (a) Initial diffusion-weighted image with cerebellar infarct in the territory of
the left posterior inferior cerebellar artery. (b) Echo-planar T, axial image shows enlargement of
the ventricles prior to surgery for hydrocephalus. Arrow shows transependymal movement of fluid

Identification of patients with adult-onset hydrocephalus that will respond to a ven-
triculoperitoneal shunt is challenging. Criteria have been established, but the rate
of response remains low (Boon et al., 2000; Kahlon et al., 2005; Marmarou et al.,
2005).

10 Treatment of Brain Edema

A large number of studies in animals have tested potential treatments for cerebral
edema. Although many have been shown to work in animal studies, treatment of
cerebral edema in humans has been extremely difficult to study, and in spite of
multiple studies, convincing evidence of efficacy is lacking for many of the cur-
rently used treatments. In a recent review of several decades of studies, no agent
met vigorous criteria for efficacy. There was some enthusiasm for decompressive
surgery in massive ischemic edema, but this conclusion was reached on the basis
of several uncontrolled studies (Rabinstein, 2006). Why have the treatment efforts
lagged so far behind the rapid advances in understanding the underlying molecular
mechanisms and successes in the treatment of animal models of brain edema? One
obvious reason is the difficulty in identifying patients with similar lesions that can
be entered into controlled studies. Obtaining consents for experimental treatments in
poorly responsive patients raises ethical questions about patient protection. Another
is that numbers of patients with severe edema seen at any one center are generally
too few to conduct a randomized study, making costly multicenter studies neces-
sary. Finally, long-term follow-up is necessary to adequately test a new treatment,
and many of the studies are short-term.

Current practice has dictated the treatment of cerebral edema in patients. The
two treatments most commonly used are osmotic agents and steroids. The key to the
treatment of cerebral edema, which is still empirical, is the accurate identification of
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the type of injury. In cytotoxic edema, for example, mannitol and hypertonic saline
provide short-term relief to control life-threatening increased intracranial pressure.
Another example is the use of a short-term course of high-dose steroids to reduce
the inflammatory response and reduce the vasogenic edema. A common mistake is
to use steroids for treatment of cytotoxic edema; a large number of studies have
documented the futility of steroid treatment in stroke. They have been less effective
in cytotoxic edema, however, and are contraindicated in the treatment of edema sec-
ondary to stroke or hemorrhage. In fact, systemic complications of corticosteroids
can worsen the patient’s condition in the treatment of patients with intracerebral
hemorrhage (Qureshi et al., 2001).

Hypertonic solutions are used to reduce the water content of brain tissue; ini-
tially urea was used, but it entered the brain and caused a rebound in CSF pressure
(Pappius and Dayes, 1965). Presently, hypertonic solutions of mannitol and saline
are used to reduce brain volume, lower CSF production, and improve cerebral blood
flow. Earlier studies employed 3 g/kg of mannitol, which had a dramatic effect on the
serum electrolytes, and permitted only one or two doses to be given. More recently,
it was found that low doses of mannitol (0.25-1.0 g/kg) are as effective as the higher
doses without affecting the electrolytes. Noninfarcted regions are mainly affected
by the hypertonic solutions rather than in the infarcted hemisphere (Videen et al.,
2001). Mannitol also changes the rheological characteristics of the blood and may
have an antioxidant effect. Prolonged administration of mannitol results in an elec-
trolyte imbalance that may override its benefit and that must be carefully monitored.
More recently, hypertonic saline has been advocated for use in treatment of cere-
bral edema (Zeynalov et al., 2008). Studies in animals have shown that it lowers
intracranial pressure, and studies in humans are being done (Chen et al., 2006a).

Most treatments have been directed at controlling the secondary consequences
of brain edema rather than treating the underlying causes. Although not directly
aimed at the edema itself, reducing the blood and CSF volumes is used to lower the
intracranial pressure. Blood volume can be reduced with hyperventilation, which
lowers carbon dioxide. However, excessive hyperventilation can cause vasocon-
striction and ischemia. Reduction of CSF volume can be done mechanically by
placing a drainage catheter into one of the ventricles, which may be difficult if the
cerebral ventricles are compressed by the edema. Agents that reduce the produc-
tion of CSF, such as acetazolamide or diuretics, may be used, but are of marginal
benefit.

Edema surrounding brain tumors, particularly metastatic brain tumors, responds
dramatically to treatment with high doses of dexamethasone. The corticosteroid
closes the BBB rapidly. Hence, it is important to obtain contrast-enhanced MRI
or computed tomographic scans before treatment with corticosteroids; otherwise,
enhancement of the lesion may be missed. High doses of corticosteroids have been
shown to be effective in brain edema secondary to inflammation in multiple scle-
rosis; the steroids act by closing the BBB, which can be seen on contrast-enhanced
MRI (Noseworthy et al., 2000). The opening of the BBB is associated with ele-
vated levels of the proinflammatory cytokine, TNF-a. Inflammatory lesions, such
as those that occur in acute attacks of multiple sclerosis, respond well to high-dose
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methylprednisolone. Treatment with 1 g/day of methylprednisolone for 3-5 days
reduces the inflammatory changes in the blood vessels during an acute exacerbation.
Dramatic reduction in enhancement on MRI may be seen after treatment. However,
the effect is lost after several months. High-dose steroids reduce the MMP-9 in the
brain as reflected in the CSF, preserving the integrity of the BBB (Rosenberg et al.,
1996b).

Treatment of edema surrounding an intracerebral hemorrhage has recently been
intensively studied because of the side-effect of hemorrhagic transformation in
patients treated with tPA. As in studies of edema secondary to ischemia, a large
number of animal studies have documented the use of various agents to reduce the
edema secondary to the hemorrhage. One promising study using recombinant acti-
vated factor VII reduced growth of the hemorrhage in an initial study (Mayer et al.,
2005). A subsequent study failed to confirm the results of the first because of a
high rate of thrombotic complications (Mayer et al., 2008). Several other studies are
underway, including stereotactic removal of the clot that has been dissolved with
intraventricular tPA, but results are not available for this study.

11 Conclusions

Cerebral edema is common in many neurological disorders. When the metabolism
of the cell fails, the cells are unable to remove sodium and the cells swell. This is
seen on MRI as an area of restricted diffusion. Alternatively, the blood vessels may
be damaged as part of an injury, infection, or autoimmune process, resulting in vaso-
genic edema, which has a predilection for the white matter. Common mechanisms
involved in cellular swelling include failure of membrane ion pumps, retention of
sodium inside the cell, and increases in intracellular calcium, initiating an inflam-
matory response. Proteases and free radicals degrade extracellular matrix and tight
junction proteins leading to vascular edema and hemorrhage. An important advance
in our understanding of brain edema was made with the discovery of AQPs, which
were shown to be located in astrocyte endfeet and water-controlling surfaces of the
brain. Although knowledge of the mechanisms of brain edema continues to grow,
the challenge remains the translation of that information into treatments.
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Monoamine Transporter Pathologies

Natalie R. Sealover and Eric L. Barker

Abstract The monoamine neurotransmitters control a variety of functions includ-
ing movement, appetite, mood, reward, and memory. The monoamine transporters
are responsible for the termination of synaptic signaling by removing neurotrans-
mitters from the synaptic cleft. Altered monoaminergic transporter function has
been implicated in the pathology of disease states such as depression, anxiety,
addiction, autism, Parkinson’s disease, and attention deficit hyperactivity disorder
(ADHD). This review considers the mechanism of transporter action and reg-
ulation of transporter function. The implications of transporter polymorphisms
are also addressed. Finally, a brief overview is presented that highlights impor-
tant findings as well as existing problems that need to be considered in future
studies.
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1 Introduction to Monoamine Transporters

1.1 The Monoamine Transporter Family

Synaptic transmission requires the release of neurotransmitters into the extracellular
space to bind pre-or postsynaptic receptors, conveying a chemical message to nerve
cells (Torres et al., 2003a). Termination of this signaling occurs rapidly by uptake of
the released neurotransmitter into the presynaptic cell by high-affinity neurotrans-
mitter transporters. The clearance of the monoamines dopamine, norepinephrine,
and serotonin occurs via the dopamine transporter (DAT), norepinephrine trans-
porter (NET), and serotonin transporter (SERT), respectively (Torres et al., 2003a)

Depolarization

!

Y g o Neurotransmitters
o

L
%
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>
d‘;‘
/ Pre-Synaptic
Monoamine Receptor
Transporter @9
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v o

ol

Post-Synaptic
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Fig. 1 General model of the release of vesicular neurotransmitter stores in response to cellular
depolarization and the reuptake of the neurotransmitters by the monoamine transporters. Cytosolic
neurotransmitters are taken into vesicles by VMAT and stored until the cell becomes depolarized,
causing these vesicular stores to fuse with the plasma membrane and release the neurotransmitters
into the synaptic cleft. Neurotransmitters in the synaptic cleft are available to bind pre- or postsy-
naptic receptors. Termination of signaling occurs when the neurotransmitters are taken back into
the presynaptic cell by the monoamine transporters
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(Fig. 1). These monoamine transporters belong to the SLC6 gene family of Na*-Cl~-
coupled neurotransmitter transporters that is also referred to as the neurotransmitter
sodium symporter (NSS) family (Chen et al., 2004). In addition to the monoamine
transporters, the NSS family includes subfamilies of transporters for GABA, amino
acids, creatine, and the osmolytes betaine and taurine (Chen et al., 2004).

1.2 Neuroanatomy

In the brain, monoamine transporters are found on neurons that contain their respec-
tive neurotransmitter (Torres et al., 2003a). For example, neuronal cells that produce
dopamine are localized in the substantia nigra, ventral tegmental area, and hypotha-
lamus (Lin and Madras, 2006). The processes of dopaminergic neurons extend into
the caudate nucleus, putamen, nucleus accumbens, and prefrontal cortex (Lin and
Madras, 2006). Serotonergic neurons are located in the raphe nuclei of the brainstem
and project into the cortex, thalamus, basal ganglia, hippocampus, and amygdala
(Jacobs and Azmitia, 1992). Norepinephrine-producing neurons are found primarily
in the locus coeruleus and raphe nuclei with moderate levels in the hypothalamus,
midline thalamic nuclei, and the bed nucleus of the stria terminalis (Torres et al.,
2003a; Donnan et al., 1991) (Fig. 2).

Monoamine transporters are also located in peripheral areas of the body.
Eisenhofer and colleagues demonstrated that DAT is present in the stomach, pan-
creas, and kidney (Eisenhofer, 2001). NET is expressed in sympathetic peripheral
neurons, the adrenal medulla, endothelial cells of the lung, and the placenta
(Eisenhofer, 2001). SERT has been found in platelets (Talvenheimo and Rudnick,
1980), the intestinal tract (Wade et al., 1996), placenta (Padbury et al., 1997;
Balkovetz et al., 1989), and in chromaffin cells of the adrenal gland (Schroeter
et al., 1997). Reuptake by the monoamine transporters is the primary mechanism

A

Serotonergic Neurons Noradrenergic Neurons Dopaminergic Neurons
1. Raphe Nuclei 1. Locus Coeruleus 1. Substantia Nigra
2. Cortex 2. Raphe Nuclei 2. Ventral Tegmental Area
3. Thalamus 3. Hypothalamus 3. Hypothalamus
4. Basal Ganglia 4. Thalamus 4. Caudate Nucleus
5. Amygdala 5. Bed Nucleus of the Stria Terminalis 5. Putamen
6. Hippocampus 6. Nucleus Accumbens

7. Prefrontal Cortex

Fig.2 (a) Location of serotonergic neurons and their projections in the human brain. (b) Location
of noradrenergic neurons and their projections in the human brain. (¢) Location of dopaminergic
neurons and their projections in the human brain
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of terminating monoaminergic neurotransmitter signaling in the central nervous
system and periphery.

1.3 Physiological Functions

The monoamine transporters are involved in the regulation of many physiological
functions. DAT has been implicated in addiction and reward response, move-
ment, cognition, and memory (Greengard, 2001). Altered dopaminergic regulation
is involved in depression, suicide, anxiety, aggression, schizophrenia, attention
defict hyperactivity disorder (ADHD), and Parkinson’s disease (Jayanthi and
Ramamoorthy, 2005; Gainetdinov and Caron, 2003). SERT is involved in the reg-
ulation of appetite, libido, mood, anxiety, fear, reward, aggression, and memory
(Barnes and Sharp, 1999). Disrupted serotonergic function has been implicated
in depression, suicide, impulsive violence, autism, and alcoholism (Jayanthi and
Ramamoorthy, 2005). NET plays an important role in arousal, mood, aggression,
addiction, and attention, as well as in thermal and cardiac regulation (Jayanthi and
Ramamoorthy, 2005; Howell and Kimmel, 2008). Alteration of the noradrengeric
system can result in cardiac disease and psychiatric disorders including depression
and anxiety (Jayanthi and Ramamoorthy, 2005).

1.4 Structure and Transport Mechanism

The monoamine transporters contain 12 alpha helical transmembrane helices
(TMHs) with a putative large extracellular loop between TMHs III and IV with
potential glycosylation sites (Melikian et al., 1996, 1994) (Fig. 3). The amino and
carboxy termini are located intracellularly and contain putative phosphorylation
sites (Torres et al., 2003a). Uptake of the monoamines by their respective trans-
porters utilizes an ion gradient generated by the plasma membrane Na*/K* ATPase
(Torres et al., 2003a). NET and SERT are thought to translocate one Na* ion and one
CI™ ion with the substrate per transport cycle, whereas DAT is predicted to transport
two Na* ions and one CI™ ion with its substrate (Torres et al., 2003a).

The alternating access transport model has been used to describe the mechanism
by which substrates are transported across the membrane via the monoamine trans-
porters (Forrest et al., 2008). This model postulates that the transporter can exist
in at least two conformations. These conformations include an extracellularly fac-
ing form that is open to the extracellular environment and can bind substrate and
Na* and CI™ ions (Forrest et al., 2008). An intracellularly facing form allows the
release of substrate into the cell and the binding of the countertransported K* ion
to reverse the conformation of the transporter (Forrest et al., 2008). The alternating
access model is supported by recent crystal structures of other transporters (Weyand
et al., 2008; Faham et al., 2008). Two additional conformations of these transporters
have also been described. A closed—closed conformation is predicted that prevents
accessibility of substrate and ions from either side of the transporter. This closed—
closed conformation was observed in the crystal structure of a leucine transporter



174 N.R. Sealover and E.L. Barker

L XY )
A rw Fy .§uhslrate
i & N
Cr
Extracellular
la ' 6a
S W B W @Y 8 el e 2

L Na*

1b 6b

Intracellular

N-Term C-Term

Ki-

Fig. 3 Schematic representation of the predicted topology of the monoamine transporters based
on the crystallization of LeuTa, (Yamashita et al., 2005). The representation demonstrates how
extracellular Na*, ClI™, and substrate are exchanged for intracellular K*. The putative phosphory-
lation sites on the N-terminus and C-terminus are shown along with predicted glycosylation sites
between TMH III and TMH IV. This figure was adapted from Yamashita et al. (2005)

from Aquifex aeolicus (LeuTa,), a bacterial homologue of the NSS transporter fam-
ily (Yamashita et al., 2005). The closed—closed conformation has closed intra- and
extracellular gates and may serve as an intermediate between the extracellularly and
intracellularly facing states. Another conformation is predicted to have open intra-
and extracellular gates. In this conformation the transporter is predicted to operate
in a channel mode, allowing substrate molecules and ions to pass through the trans-
porter quickly without an opening and closing of the gates for each transport cycle
(Torres et al., 2003a).

Comprehensive understanding of the mechanism of monoamine transport has
been hampered by the lack of a crystal structure of these membrane transporters.
As mentioned above, in 2005, LeuTa, was crystallized (Yamashita et al., 2005).
This structure and the cocrystallization of LeuT s, with the tricyclic antidepressants
(TCAs) have provided several clues about the putative structure of the monoamine
transporters (Singh et al., 2007; Yamashita et al., 2005; Zhou et al., 2007). The
LeuTa, structures reveal binding sites for substrate and Na* ions located about
halfway through the pore of the protein, interacting with TMHs III and VIII and
the unwound regions of TMHs I and VI (Singh et al., 2007). The protein structure
shows TMHs I through V are related to VI through X by a pseudo twofold axis in the
membrane plane (Yamashita et al., 2005). Cocrystallization studies with the TCAs
have identified a putative binding pocket in LeuTa, that places the TCA binding
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site just above the extracellular gate (Singh et al., 2007; Zhou et al., 2007). This
structure may reveal a similar binding site for the mammalian monoamine trans-
porters, although some have questioned if the TCA binding site of LeuT, is likely
to be reflective of such a site in the monoamine transporters (Henry et al., 2007,
Rudnick,2007).

1.5 Vesicular Monoamine Transporters

Although plasma membrane monoamine transporters are responsible for the reup-
take of neurotransmitters from the synapse, vesicular monoamine transporters
(VMAT) sequester monoamines into synaptic vesicles in preparation for fusion
with the plasma membrane and release into the synapse (Schuldiner et al., 1995).
Vesicular uptake is coupled to a proton gradient across the vesicle membrane
rather than the sodium gradient used with the plasma membrane transporters
(Schuldiner et al., 1995). These vesicular transporters are not neurotransmitter-
specific; rather, they transport the monoamines nonselectively (Johnson, Jr., 1988;
Henry et al., 1998).

VMAT is predicted to have similar membrane topology to the plasma mem-
brane monoamine transporters, although they do not share homologous sequences
(Erickson et al., 1992). Hydrophobicity studies predict 12 TMHs with amino and
carboxy termini located in the cytoplasm (Erickson et al., 1992). The large extra-
cellular loop between TMHs III and IV of the plasma membrane transporters is
located between TMH I and IT in VMAT (Erickson et al., 1992). VMAT1 is located
in the neuroendocrine cells of the adrenal medulla and intestinal tract, whereas
VMAT?2 is found in monoaminergic neurons of the central nervous system (Erickson
etal., 1996).

Because VMAT regulates the level of cytosolic monoamines, researchers have
examined a role for VMAT in disease states. Although no direct pathological links to
aberrant VMAT function have been described, altered dopamine regulation can lead
to drug addiction, Parkinson’s disease, and schizophrenia (Mazei-Robison et al.,
2008). Psychostimulants have been demonstrated to affect dopaminergic signaling
by altering DAT and VMAT function (Fleckenstein et al., 2009). Such alterations
can be neurotoxic and may provide a role for the monoamine transporters in
Parkinson’s disease (Fleckenstein et al., 2009).

2 Regulation of Plasma Membrane Monoamine Transporters

Plasma membrane monoamine transporters serve an important regulatory role in
maintaining appropriate levels of monoamines in the synapse (Torres et al., 2003a).
Aberrant regulation of transporter expression and function has been implicated in
several disease states (Howell and Kimmel, 2008). The monoamine transporters
are regulated by interaction with a number of substrates and antagonists with vary-
ing affinities for the transporters at the plasma membrane (Sulzer et al., 1995;
Gutman and Owens, 2006; Fleckenstein et al., 2007). In addition to transporting
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their respective neurotransmitters, the monoamine transporters can lose substrate
selectivity under certain conditions. DAT and NET can each transport dopamine
and norepinephrine (Giros et al., 1994), and SERT displays an increased preference
for dopamine at elevated temperatures (Saldana and Barker, 2004). Amphetamines
such as methamphetamine and 3,4-methylenedioxymethamphetamine (MDMA,
“ecstasy”) are also substrates of the monoamine transporters, as are some neurotox-
ins such as 1-methyl-4-phenylpyridinium (MPP") (Torres et al., 2003a). In addition,
the monoamine transporters are influenced by several classes of antagonists,
including cocaine and antidepressants (Torres et al., 2003a).

Monoamine transporter regulation can occur by altering transporter surface
expression. Monoamine transporters contain sites for potential phosphorylation in
the cytoplasmic loops and the carboxy terminal region (Jayanthi and Ramamoorthy,
2005). Samuvel and colleagues demonstrated that p38 mitogen-activated protein
kinase (MAPK) regulates SERT by inhibiting cell surface expression (Samuvel
et al., 2005). Treatment of cells and synaptosomes with the PKC activator, phor-
bol 12-myristate13-acetate (B-PMA) reduces monoamine transport capacity (Vmax)
without altering substrate affinity (Ky,) (Samuvel et al., 2005). Other agents that
maintain the phosphorylated state of the monoamine transporters such as phos-
phatase inhibitors also reduce Vi,x (Vaughan et al., 1997; Ramamoorthy et al.,
1998; Jayanthi et al., 2004; Apparsundaram et al., 1998b, a). The phosphatase
inhibitor, okadaic acid, downregulates DAT, NET, and SERT activity (Ramamoorthy
et al., 1998). These studies suggest that phosphorylation of monoamine transporters
impairs plasma membrane expression. SERT and protein phosphatase 2A (PP2A)
form a complex that is regulated by p38 MAPK activation (Zhu et al., 2005). This
complex is inhibited by PP2A inhibitors and PKC activators (Bauman et al., 2000).
This complex is stabilized in the presence of the substrate 5-HT (Bauman et